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Abstract
 
Western Arctic bowhead whales, Balaena mysticetus, migrate annually among the 
Bering, Chukchi, and Beaufort seas. Foraging along their route, they use keratinous baleen to 
filter microscopic zooplankton from the water column. A single baleen plate from an adult 
bowhead whale grows continuously and stores 20+ years of dietary and environmental data. This 
study utilized induced coupled plasma-mass spectrometry (ICP-MS) to evaluate concentrations 
of 14 essential and non-essential elements in baleen samples from nine subsistence-harvested 
whales, yielding continuous data from 1958–1999 (n=148). Stable isotope data previously 
reported on these samples provided information on location (Beaufort Sea; Bering/Chukchi 
seas), season (winter; summer), and year per sample. All 14 elements were detected in baleen: 
aluminum (Al), arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), 
mercury (Hg), nickel (Ni), manganese (Mn), lead (Pb), selenium (Se), vanadium (V), zinc (Zn). 
The lowest concentrations of elements were found for As, Cd, V; the highest Al, Cu, Fe, and Zn. 
Fe and Mn varied coincidentally across the plates of whales from the 1990s. Se and Hg were 
significantly correlated (ρ=–0.398, p<0.001). Se:Hg molar ratios showed potential Hg toxicity in 
whales from 1966 and 1995-1999. The highest concentrations of most elements were in one 
sample per whale, representing the Beaufort Sea (1989-1999).  Al, As, Cd, Co, Hg, Mn, Ni, Pb, 
Se, and Zn concentrations increased as time progressed (r≥0.5). Location did not significantly 
affect concentrations (p>0.05). These data imply biomagnification, bioaccumulation, and/or 
toxicity with time, though further studies are necessary to confirm. 
 
 
Key words: Non-essential elements, Essential elements, Bowhead whale, Balaena mysticetus, 
Baleen
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1. INTRODUCTION 
1.1. Preface 
Essential and non-essential elements that have arisen from natural and anthropogenic 
sources (e.g. volcanic activity, fossil fuel combustion) enter the marine environment through 
processes like runoff and atmospheric deposition (Nriagu 1989; Fergusson 1990; Maki 1992; 
Shallari et al. 1998; Macdonald et al. 2000; Bradl 2002; Osuji and Onojake 2004; Rydberg et al. 
2010). Environmental elements can accumulate in marine flora and fauna predominantly via 
ingestion (Heath 1987; Becker et al. 1997; Das et al. 2003; Vos et al. 2003; Tchounwou et al. 
2012; Peterson et al. 2018). Although the sources and pathways of environmental elements are 
well understood, the toxicological impacts of their concentrations remain largely unknown. 
Marine mammals are valuable indicators of environmental concentrations, considering their long 
life spans and ability to biologically remove elements from water (Das et al., 2003). The 
bowhead whale, Balaena mysticetus, spends its life migrating between sub-Arctic and Arctic 
waters, foraging on lipid-rich zooplankton (Braham 1984; Schell 2000). Analyzing bowhead 
whale baleen, an inert tissue, provides a novel method for establishing long, continuous temporal 
records of environmental conditions (Schell 1989a, b, 1992, 2000). Previous research by Donald 
M. Schell determined temporal and spatial information for the samples utilized in this study via 
stable isotope analysis. This study established, to our knowledge, the first ever dataset of 
essential and non-essential element concentrations in baleen from the bowhead whale attributed 
to changes in the western Arctic marine environment.  
 
1.2. Essential and Non-Essential Elements  
Essential and non-essential elements exist naturally in Earth’s crust, though human 
activities (e.g. pollution, fossil fuel exploitation) have amplified natural concentrations (Bard 
1999; Rieuwerts 2015). The Arctic’s marine and terrestrial environments used to be considered 
relatively pristine (Bard 1999). However, the Arctic’s increasing human activity and connectivity 
to Earth’s environments via atmospheric and oceanic circulation have allowed essential and non-
essential elements to be exchanged and deposited worldwide, even in this remote region 
(Nazarenko et al. 1997; Macdonald et al. 2000; Rieuwerts 2015). These elements are transported 
to the marine Arctic environment through atmospheric deposition, erosion, runoff, rivers, 
currents, and ice (Barrie et al. 1992; Pfirman et al. 1995a; Nazarenko et al. 1997; Macdonald et 
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al. 2000). It should be noted that in a warming Alaskan climate, ice, snow, and glacial melt 
increase runoff, river flow rate, and coastal erosion (Papineau 2001; Overland et al. 2002; 
Bieniek and Walsh 2013; Congressional Research Service 2020). Melting glaciers additionally 
increase sea level which increases coastal erosion. Essential and non-essential elements have 
been the focus of research as their toxicological potential is becoming better understood and 
consequently a cause for concern (Das et al. 2003). The lack of experimental data on these 
elements over time for the Arctic presents a gap in the literature that is critical to fill, as this 
information can be indicative of environmental and biological changes. Additionally, historical 
element concentration data are lacking prior to 1980 (McConnell and Edwards 2008). These data 
are critical to establish to monitor the health of the Arctic marine ecosystem and its organisms 
upon which subsistence communities depend. 
Essential elements are required for physiological function and can be toxic at high 
enough concentrations (O’Hara et al. 1993; Vos et al. 2003; Tchounwou et al. 2012). Essential 
elements in this study include chromium (Cr), cobalt (Co), copper (Cu), iron (Fe), manganese 
(Mn), nickel (Ni), selenium (Se), and zinc (Zn). In contrast, non-essential elements are not 
required and can be toxic even at low concentrations. Non-essential studies in this study include 
aluminum (Al), arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg), vanadium (V). 
Environmental elements can enter and accumulate in marine organisms predominantly through 
ingestion (Heath 1987; Becker et al. 1997; Das et al. 2003; Vos et al. 2003; Tchounwou et al. 
2012; Peterson et al. 2018). However, absorption through skin, inhalation into lungs, transfer 
across the placenta, and via milk through lactation present additional pathways (Becker et al. 
1997; Das et al. 2003; Habran et al. 2011; Noel et al. 2016). Differences in element transfer 
across these biological membranes are based on differences in organismal metabolic rate and 
solution pH and temperature (Heath 1987). Toxicity is further affected by current element load, 
entry route, metabolic rate, gender, age, and physiological status (e.g. fasting, pregnancy) (Das et 
al. 2003; Vos et al. 2003; Tchounwou et al. 2012; Peterson et al. 2018). The presence of other 
elements can alter toxicity through an additive effect, or synergistic and antagonistic interactions 
(Rai et al. 1981). Selenium, for example, alters the toxic effects of arsenic, cadmium, and 
mercury (Becker et al. 2000). Copper can interact with selenium and possibly compete with 
mercury for selenium (Hammond and Beliles 1980). Elements’ long half-lives, poor solubility in 
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water, and non-degradability contribute to their deleterious effects once in the body (Jakismka et 
al. 2011). 
Marine mammals can be used as valuable indicators of environmental essential and non-
essential element concentrations since they have long life spans, can biologically remove 
elements from water, and have long biological half-lives of contaminant elimination (Dietz et al. 
1998; Das et al. 2003; Vos et al. 2003). This permits the bioaccumulation of element ions and 
puts marine mammals at great toxicological risk. Bioaccumulation occurs as elements accrue in 
an organism over time (Danus et al. 2006). Additionally, biomagnificiation refers to the 
movement of metals to higher trophic levels, where concentration increases with consumption of 
affected prey. Research in element toxicity in marine mammals is limited (Reijnders et al. 1986; 
Swart et al. 1996; Lavery et al. 2009). However, reported toxic effects of essential and non-
essential elements in invertebrates include, but are not limited to, exhaustion, loss of 
coordination and appetite, induced aborption, skeletal deformations, alterations to interspecific 
communication and predator recognition, impaired immunity, and damage to reproductive, 
central nervous, endocrine, and skeletal systems (Forbes and Sanderson 1978; Eisler 1988; 
Zillioux et al. 1993; Weis and Weis 1995; deSwart et al. 1996; Becker et al. 2000; Das et al. 
2003; Alvarez et al. 2006; Tchounwou et al. 2012; Sharma et al. 2014).  
 
1.3. Bowhead Whale 
The bowhead whale, Balaena mysticetus, is a migrating sub-Arctic/Arctic baleen whale 
belonging to the order Mysticeti and family Balaenidae (Schell et al. 1989a, b; Keane et al. 2015) 
(Fig. 1). The bowhead whale is the largest mysticete, reaching lengths of 20 meters and weighing 
up to nearly 100 tons. This species also has the largest mouth to body length ratio in this taxon 
(Moore and Reeves 1993; Werth 2004; Lambertsen et al. 2005; Dehn 2006; Keane et al. 2015). 
Bowheads are considered the longest-living mammal, with an estimated life span over 200 years 
(Keane et al. 2015). Sexual maturity is reached when the body length is 12-14 meters long 
(Koski et al. 1993; Lubetkin et al. 2008). Female bowheads are typically larger than males once 
sexually mature, with females reaching maturity around 13 meters and males between 12.5 and 
13 meters (O’Hara et al. 2002; Rosa et al. 2004). 
The Western Arctic population of whales follows the coastline and cracks in pack ice 
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Figure 1. Bowhead whale (Film and Schmedes 2015) 
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along their migration route among the Bering, Chukchi, and Beaufort seas (Fig. 2) (Braham 
1984; Schell et al. 1989a, b; Schell 2000). Winter months (December to March) are spent in the 
northern Bering Sea before making the summer migration through the Chukchi Sea in spring 
(April through May) and to the Beaufort Sea in summer (June to October). Feeding is typically 
most concentrated during summer and early autumn in the Beaufort and Chukchi seas, as large 
amounts of lipid-rich zooplankton, predominantly euphausiids and large calanoid copepods, are 
transported through the Bering Strait (Schell 2000). However, bowheads are known to feed along 
their entire migration path, utilizing the leading edge of the pack ice where their food is most 
concentrated (Schell et al. 1989b; Würsig et al. 2002). 
Bowhead whales, like other balaenids, continuously ram filter feed by swimming slowly 
through dense aggregations of prey with their mouths open (Pivorunas 1979; Sanderson and 
Wassersug 1993; Lambertsen et al. 2005). This continuously pushes prey-abundant water 
through the whales’ mouths between a central, frontal gap in the maxilla. Water then passes 
through baleen racks on either side of the mouth before exiting the oral cavity (Werth 2001). 
This foraging style is mostly seen near the ocean’s surface, but bowhead whales feed throughout 
the euphotic zone (0-200 meters) (Watkins and Schevill 1979; Mayo and Marx 1990; Lowry 
1993; Werth 2001). Western Arctic bowhead whales predominantly prey on microscopic 
crustaceous zooplankton (copepods and euphausiids) and some benthic organisms (mysids and 
gammarid amphipods) (Tomilin 1967; Lowry and Burns 1980; Hazard and Lowry 1984; Lowry 
1993). Occasionally, pteropods, isopods, polychaetes, crabs, snails, echinoderms and fish are 
consumed. 
 
1.4. Baleen 
Baleen is the filter-feeding organ found solely in mysticete whales and is composed of 
hard α keratins, like hair and nail (Szewciw et al. 2010; Werth 2013) (Fig. 3). Baleen plates 
begin in the dermis, where the baleen is covered in a horny, keratinous layer and forms long 
bristles (Slijper 1962). These bristles are cemented together by a layer of compacted keratin. 
Friction wears away the compacted plate, resulting in frayed, hollow fringes that intertwine to 
form a sieve (Werth 2001). This sieve-like formation allows the capture and removal of prey 
from inflowing water (Werth 2013). The continuously growing plates and fringes maintain a 
constant length through use and wear (Lubetkin et al. 2008; Werth 2013).   
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Figure 2. Western Arctic bowhead whale migration with wintering and foraging areas (Mocklin 
2009)  
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Figure 3. A recently harvested bowhead whale with exposed baleen plates and fringes (IWC 2019) 
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In bowhead whales over 300 fringed, overlapping, triangular, keratinous plates emerge 
from the gingiva on each side of the maxilla, reaching over four meters in length (Scammon 
1969; Nishiwaki and Kasuya 1970; Werth 2001). The plates are flexible, allowing them to fold 
backwards when the mouth is closed and unfold into a vertical position when the mouth is open 
(Lowry, 1993). The baleen plate length quickly increases over the first 60 plates on one side, 
reaching maximum lengths around plate 120 and remaining nearly constant until it decreases 
near the back of the mouth, around plate 250 (Lambertsen et al. 2005). Adult bowhead whale 
baleen plates grow approximately 16-25 cm/year as adults (>12 m body length) (Schell et al. 
1989a).  
Fringe diameter, fraying, and shape ultimately reflect prey size and foraging style to 
maximize foraging efficiency (Werth, 2001). Bowhead whale baleen fibers are longer, finer, and 
denser compared to other mysticetes, allowing higher particle capture of the microscopic prey 
that comprise bowhead whale diet (Werth 2013; Werth et al. 2016). The fringes have a diameter 
of 0.1-0.2 mm and a density of 35-70 fibers per cm2 (Leatherwood et al. 1983; Schell et al. 
1989a; Werth 2013).  
Mysticete baleen plates have a similar composition, though the amount of each element 
differs slightly among species. Bowhead whale baleen fibers are primarily composed of zinc 
(~216 µg/g) and iron (~20 µg/g), and additionally comprised of copper (8 µg/g), boron (6 µg/g), 
nitrogen (14.2%), calcium (0.19%), sodium (0.30%), phosphorus (0.10%), magnesium (0.03%), 
potassium (0.03%) (St. Aubin et al. 1984).    
Previous studies have confirmed the biosorbent nature of keratin (Banat et al. 2002; Kar 
and Misra 2004). Keratin is structurally robust, stable over a wide range of pH values, and has a 
high surface area, especially when hydrated. This contributes to keratin’s success as a biosorbent. 
The length of contact between adsorbent and adsorbate (element ions) further influence 
elemental uptake efficiency by keratinous materials (Kar and Misra 2004). It should be noted 
that bowhead whales continuously filter feed, extending direct contact between water molecules, 
element ions, and baleen compared to other foraging styles (Werth et al. 2013). This allows more 
time and contact for the ions to potentially infiltrate and accumulate in the keratinous baleen. 
Hydrated, soft keratin proteins, like baleen, have a greater surface area than dry keratin proteins 
(Kar and Misra 2004). This provides more area for water molecules to adhere, making baleen 
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increasingly hydrophilic with water content and allowing baleen to absorb substantial amounts of 
water and associated elements.  
Baleen plates and fringes can store approximately 20 years of continuous environmental 
data, including element concentrations and stable isotope (Schell et al. 1989a, b, 1992, 2000; 
Pomerleau et al. 2018). Stable isotopes such as δ15N is indicative of prey trophic level while δ13C 
provides valuable habitat use information (i.e. migration routes, habitat type). This helped 
previous researchers confirm bowhead whale prey, baleen growth rate, and migration patterns. 
Therefore, the analysis of bowhead whale baleen can provide temporal and spatial information 
on environmental and biotic element concentrations. Since baleen tissue grows continuously, it 
provides a timeline of whale diet, migration, and environmental data over an average of 20 years 
(Fig. 4). 
 Naturally occurring variation in stable isotope ratios are useful when studying organismal 
habitat use (δ13C) and diet (δ15N) (Crawford et al. 2008). With respect to the western Arctic, the 
13C isotopic signature of the Bering and Chukchi seas are not significantly different but are more 
enriched than the Beaufort Sea (Schell et al. 1989a, 1992, 2000, 2005). Schell found that the 
Bering and Chukchi seas are not isotopically distinct, so for the purpose of this study, they will 
be referred to as one water mass. Determining δ13C stable isotope values in organismal tissues 
can help biologists determine and better understand habitat use and migration patterns. 
Zooplankton, the predominant prey for bowhead whales, differ in δ15N along the bowhead 
whales’ migration route (Bering/Chukchi more enriched; Beaufort Sea depleted) (Schell et al. 
1989a, 1992).  
Keratinous tissues are metabolically inert after formation and therefore preserve the 
isotopic record of prey consumed and environments inhabited when the tissue was synthesized 
(Schell et al. 1989a, b, 1992, 2000, 2005). Schell et al. (1989a, b; 1992) found that bowhead 
whales have marked annual oscillations in stable carbon and nitrogen isotopes along the length 
of baleen plates. These oscillations are from the whales’ annual migration between the Bering 
and Beaufort seas, and the isotopic differences between these water masses. These oscillations 
appear as “peaks” (enriched) or “valleys” (depleted) when plotted. The peaks or troughs 
represent annual markers, with one enrichment (peak to peak) or depletion (trough to trough) 
cycle equating one year (Schell et al. 1989b). 
  
 
 
1
1
 
 
Figure 4. Bowhead whale a) with exposed baleen, b) singular baleen plate indicating how each plate was sampled (modified from 
Werth, 2001) (Schell 1989a, b, 1992, 2000). Each plate was sampled from base (left) to tip (right) along the entire length
(a)
(b) 
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Bowhead whale baleen has previously been analyzed for δ15N and δ13C (Schell et al. 
1989b, 1992, 2000, 2005). The stable isotope values Schell established for each whale’s baleen 
plates were plotted against the length of the baleen plate (Fig. 5). Each sample from Schell’s 
research represents a point along the baleen plate. Enriched samples represent when the whale 
was in the Bering/Chukchi seas while depleted samples represent the Beaufort Sea. One δ13C 
cycle (i.e. most enriched point to the subsequent most enriched point) represents one year (Schell 
1992). This information, in conjunction with bowhead whale age and baleen growth rate, can 
help back-calculate time and assign season (winter or summer) and year(s) to each sample.  
Schell’s stable isotope data indicated that zooplankton in the Bering and Chukchi seas are 
not isotopically distinct, though they do significantly differ from those in the Beaufort Sea. Since 
these seas are in fact isotopically distinct, it was expected that they might also differ in element 
concentration considering 1) keratin’s success as a biosorbent (Banat et al. 2002; Kar and Misra 
2004), 2) bowhead whales’ lipid-rich prey containing elemental concentrations (Campbell et al. 
2005), 3) baleen’s ability to store over 20 years of environmental data (Schell 2000), and 4) 
baleen’s continuous direct contact with water. 
 
1.6. Study Importance 
This study provides a first ever comprehensive database of essential and non-essential 
elements in baleen tissue. The temporal and spatial aspects of these data are valuable first steps 
to understanding how baleen acquire these elements, if the elements’ concentrations are 
changing over time, and from which water mass these elements are being obtained. This research 
lays the groundwork for future absorbance research and biological and environmental toxicology 
studies. 
 
 
2. OBJECTIVES 
1) Establish a comprehensive dataset of essential and non-essential concentrations from 1958 
through 1999 in the baleen of western Arctic bowhead whales. 
2) Determine if time significantly influenced detected element concentrations. 
3) Determine if detected element concentrations significantly vary between the Bering/Chukchi 
seas and Beaufort Sea. 
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Figure 5. δ13C and δ15N values (‰) along the length of the plate (cm) from whale 88B11. The most enriched and depleted samples in 
an annual oscillation were selected and combined to create a new sample representative of time and location
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3. MATERIALS AND METHODS 
3.1. Sample Preparation 
The samples used for this research were collected during native subsistence hunts in 
Alaska between 1966 and 1999 and provided to Donald M. Schell, University of Alaska 
Fairbanks by the North Slope Borough Department of Wildlife Management and Los Angeles 
County Museum collection (Schell et al. 1989a, b, 1992, 2000). The samples and corresponding 
stable isotope data were analyzed at the University of Alaska Fairbanks’ Stable Isotope Facility. 
Nine whales were analyzed; seven were landed in Barrow (1966, 1978, 1988, 1989, 1990, 
1995, 1997) and two in Kaktovik (1998, 1999) (Table 1). Baleen sampling interval was either 
every 1.0cm, 2.0 cm, or 2.5 cm, though sampling interval was constant for each baleen plate 
(Schell et al. 1989a, b, 1992). Samples were selected and combined for analysis to create a new 
sample, based on the available stable isotope data, which provided a location and time per 
sample (Table 2). For example, in whale 66B1, samples 2.5 cm and 5 cm were combined for 
analysis based on necessary mass; the stable isotope data indicated these were the most enriched 
samples from winter 1965/1966 (Bering/Chukchi seas). If only one sample was available for a 
specific location, season, and year, and thus could not be combined with another sample, then the 
singular sample was selected and used. Winter represents November of one year through March 
the following year, so two years were attributed to samples representing winter. This provided a 
total of 148 samples with at least one sample per year from 1958 to 1999 with the exception of 
1967.  
Samples (0.001 – 0.297 g) were digested with 2 mL of trace metal basis nitric acid in 100 
mL PTFE digestion tubes. All samples were placed in a digestion Modblock at 600 C for 24 
hours or until the samples were completely digested. Some samples required an additional 1-3 
mL of nitric acid to fully digest; therefore, the total volume of nitric acid ranged between 2-5 
mL. Samples with 2 mL of nitric acid were diluted to 50 mL in a volumetric flask with ultrapure 
deionized water (18.2 MΩ); samples with 3-5 mL of nitric acid were diluted to 100 mL. This 
kept nitric acid under 5% per sample. Then, 10 mL of each sample were pipetted into 50 mL 
PTFE digestion tubes and shipped to the University of Southern Mississippi Center for Trace 
Analysis. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the 
concentrations of 14 trace elements and heavy metals: aluminum [Al], arsenic [As], cadmium 
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[Cd], cobalt [Co], chromium [Cr], copper [Cu], iron [Fe], mercury [Hg], manganese [Mn], nickel 
[Ni], lead [Pb], selenium [Se], vanadium [V], zinc [Zn]. 
 
3.2. Sample Analysis 
Samples were analyzed using a sector-field inductively coupled plasma mass 
spectrometer (ThermoFisher Element XR) with a Peltier-cooler spray chamber (PC-3; Elemental 
Scientific, Inc.). Prior to analysis, digested samples were diluted 5-fold in 0.64 M ultrapure nitric 
acid (Seastar Baseline) containing 2 ppb indium as an internal standard. Diluted samples were 
held in acid-washed Teflon autosampler vials. Mass spectrometer scans were performed in low 
(Cd-111, Hg-199,200,201,202, Pb-208), medium (Al-27, V-51, Cr-52, Mn-55, Fe-56, Co-59, Ni-
60, Cu-63, Zn-66), and high (As-75, Se-77,82) resolution, depending on the isotope. Mo-98 was 
monitored to correct for MoO+ interference on Cd. Standardization was by use of external 
standards, with a high standard and a blank re-run every eight samples. For the elements (Hg, Se) 
where multiple isotopes were determined, no significant analytical differences were noted 
between the isotopes. Two USGS reference water concentrations were also assessed as part of 
each analytical run in order to verify the standardization. In several cases, sample calibration was 
also verified by standard additions. Blanks of ultrapure deionized water and trace metal basis 
nitric acid (3%, 4%, 5%) were used for quality control purposes.  
Data were provided in µg/L, or parts per billion, and converted to µg/g, or parts per 
million, through the following equation: 
 
(𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
µ𝑔
𝐿 ) 𝑥 𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 
(𝐿))
𝑆𝑜𝑙𝑖𝑑 𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑎𝑠𝑠 (𝑔)
 
 
 
3.3. Data Analyses 
Pearson correlations and Wilcoxon rank sum tests assessed concentrations within each 
individual whale to determine temporal or spatial trends in samples per whale. Statistical 
analyses did not compare concentrations among whales since a variety of factors (physiology, 
age, migration route, etc.) remained unknown and, therefore, they could not be accounted for in a 
statistical model. More specifically, each whale likely differed to varying degrees in migration 
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path, prey consumption, foraging grounds, physiology, gender, age, and current element load, 
which influence element uptake and, therefore, the detected concentrations.  
Pearson correlations indicated whether time and element concentration were significantly 
correlated (i.e. if metal concentration increased or decreased with time). All outliers were 
removed from the data for analyses. Outliers were determined through quantile analyses; any 
datapoint outside of the 1st and 4th quartile was deemed an outlier. This resulted in some whales, 
locations, and/or elements not meeting the standard minimum for data points (<5) for a 
correlation). Positive Pearson correlations indicated an increase in element concentration as time 
progressed. Correlations were analyzed per location and element in each whale. This yielded 
more accurate correlation results and revealed at which locations time and element were 
correlated. Two correlation coefficients were provided per element in each whale: one for the 
Beaufort Sea and a second value for the Bering/Chukchi seas, respectively (Table 6). 
Any insignificant correlations with time meant that time could be ignored in further 
analyses and were subsequently analyzed with a Wilcoxon rank sum test. Only concentrations 
that lacked significant correlations in both locations were analyzed. This determined significant 
differences in concentrations between location. Whale 95B8 was not analyzed with this test since 
all elements had a significant correlation in at least one location. Whale 78B2 (Cu, Fe, Mn, V), 
whale 89B10L (Al, As, Cd, Co, Cr, Cu, Fe, Ni, Pb), and whale 97B8 (all elements) were also not 
analyzed due to lack of data points per location (n<5). Ultimately, location did not significantly 
affect concentration (p>0.05).  
The molar ratio of Se to Hg was calculated for each whale at each location, as well as for 
each whale at both locations, via: 
𝑆𝑒
𝐻𝑔
= (
𝑆𝑒/78.96
𝐻𝑔/200.59
) 
 
where 78.96 g/mol and 200.59 g/mol are the atomic masses of Se and Hg, respectively (Table 7). 
Molar ratios more accurately state the proportions of Se and Hg compared to concentration 
ratios. Spearman rank correlation determined the strength of the statistical relationship between 
Se and Hg concentrations for each whale.  
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4. RESULTS AND DISCUSSION 
All 14 elements (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, V, Zn) were detected in 
the baleen of all whales sampled (n=148) (Tables 3, 4, 5). Covariance and colimitation of Fe, 
Mn, and Ni was detected in whales hunted in the 1990s as their concentrations varied similarly 
across the entire baleen plate in each whale. In whales hunted between 1989 and 1999, most 
elements had their highest concentrations in the same sample, representing a specific time and 
location. Concentrations of Se and Hg were significantly correlated across all whales, with Hg 
toxicity suggested in whales hunted in the 1960s and 1970s as well as whales hunted in the 
1990s. The highest concentrations of all elements, excluding Cu, were found mostly in whales 
hunted between 1995 and 1999. 
On average Zn had the highest consistent concentrations (110 to 8000 µg/g), with means 
per whale ranging between 200 and 900 µg/g. Compared to all remaining metal ions tested, Al 
and Fe had the highest mean concentrations (2000 and 4900 µg/g) and broadest ranges (10.9 – 
3000 µg/g, 0 – 40000 µg/g), respectively (Table 3). In contrast, the lowest mean concentrations 
were detected for As, Cd, Co, Ni, Se, and V. Each whale differed in one, if not all, variables: 
migration path, prey consumption, foraging grounds, physiology, gender, age, and current 
element load. This would ultimately influence element uptake and, therefore, the detected 
concentrations.  
 
4.1. Fe, Mn, Ni Covariance  
Whales 90B8, 95B8, 97B8, 98KK1, and 99KK1 each had similar trends (concentration 
spikes and depressions in the same samples [same season and year]) in Fe and Mn along the 
baleen plate, though the whales’ trends differed among each other (Fig. 6). In whales 90B8 and 
95B8, Ni followed the same trend as iron and manganese. Salomon and Keren (2015) suggested 
that acclimation to environmental Mn concentrations lowers Fe stress responses within cells. 
They may avoid oxidative damage in Fe-limiting conditions, like environments susceptible to 
fluctuations in Fe concentrations (i.e. coastal environment). Sharon et al. (2014) reported Fe 
presence potentially limiting Mn entering the cell. Even more, Ni ions can attach themselves to 
particles containing Mn or Fe (Cempel & Nikel 2006). It is possible that Fe and Mn were co-
limiting each other in these whales. It is also a possibility that Ni attached itself to particles that 
also had Fe and Mn, and that the elemental ions were dissolved in the water column or  
      
 
 
1
8
 
 
Figure 6. Fe, Mn, and Ni concentrations varied coincidently across the baleen plate in whale 90B8, suggesting intracellular covariance 
of these elements. Fe, Mn, and Ni interact with each other to control uptake and avoid toxicity. Dashed lines correspond with the 
secondary axis 
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incorporated into ice and then melted. The ions could then become incorporated into the baleen 
of whale 90B8. This potentially explains the similarities in concentration trends over time. 
 
4.2. Relationships Among Concentrations 
In some whales, elements had their highest concentrations in the same sample, which 
represented a specific location and time. Despite being found in different whales, most of these 
concentrations overlapped in time and location. For example, in whale 78B2, concentrations of 
Co, Cr, Cu, Fe, Mn, Ni, and V were highest in the sample representing winter 1977-1978 
(Bering/Chukchi seas). Whale 89B10L had its highest concentrations of Al, Cd, Co, Cr, Cu, Mn, 
Ni, and Pb in the oldest sample from the baleen plate (summer 1985, Beaufort Sea). Whale 90B8 
had its highest concentrations of As, Cr, Fe, Mn, Ni, and Se in summer 1981 (Beaufort Sea), 
while Cd, Co, Cu, Hg, Pb, and V were highest in summer 1979 (Beaufort Sea). These elevated 
concentrations may be explained by the warm phase of the Pacific Inter-Decadal Oscillation 
(PDO) that reached the Arctic in 1976-1977 (Papineau 2001; Overland et al. 2002; Bieniek and  
Walsh 2013). PDO acts on a 20-30-year timescale and alternates between warm and cool phases. 
This may explain why most of these high concentrations for multiple elements were in samples 
representing the Beaufort Sea. Even more, Barrow (northernmost Alaska) experienced 
significant warming in 1976 to 1978 compared to other parts of Alaska. Warmer surface and 
midwater temperatures increase the frequency and intensity of melting events (permafrost, ice, 
snow), with these events beginning earlier in the year and lasting longer. Permafrost, ice, and 
snow melts mobilize associated elements and allow them to enter terrestrial and aquatic 
environments (Pfirman et al. 1995a, b; Sakshaug 2004; Rydberg et al. 2010). This may explain 
the observed concentration spikes in samples representing the Beaufort Sea around this time. 
Another possibility to consider is that these whales may have diverted element concentrations 
from other tissues to baleen tissue to lower their risk of toxicity to more critical organs and 
tissues, like blubber or kidney.  
Additionally, whale 95B8 had its highest concentrations of Al, As, Co, Cr, Cu, Fe, Hg, 
Mn, Ni, V, and Zn in summer 1995 (Beaufort Sea). Whale 99KK1 had major spikes in 
concentration for every element except As, Se, and V at this same time and location as well 
(summer 1995, Beaufort Sea). The overlap in time and location between the two whales may 
indicate elevated concentrations of As and V in the environment. Additionally, there were two 
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periods of heavy, prolonged rain in August 1994 that resulted in severe flooding near the 
Koyukuk River. This area is proximal to the Yukon River which empties into the Bering Strait 
and Chukchi Sea area. This flooding likely washed usually large amounts of riverine sediments 
and associated elements into the Bering Strait/Chukchi Sea areas. Since currents transport 
dissolved elements, it is plausible that these elements were transported in water molecules or in 
ice into the Beaufort Sea. Generally, these higher concentrations may also be from the 
environment or prey.  
Whale 99KK1 had a second major spike in summer 1999 (Beaufort Sea) for As, Cd, Co, 
Cr, Fe, Mn, Ni, and Pb. Summer of 1999 (Beaufort Sea) was the most recent sample on the plate 
from 99KK1, so it is possible that this individual was diverting other tissues’ concentrations to 
the baleen to avoid toxicity (Yamamoto et al. 1987; Cuvin-Aralar and Furness 1991). It is also 
plausible that environmental concentrations of these elements were relatively higher due to 
increased industrial activities (Congressional Research Service 2020).  
 
4.3. Se:Hg 
Spearman rank correlation confirmed a significant relationship between Se and Hg across 
all samples from all whales (ρ = -0.398, p < 0.001) (Table 7). The closer the absolute value the 
rho coefficient (ρ) is to 1, the stronger the relationship. Therefore, a relationship exists, but not as 
strong as previously noted selenium/mercury relationships noted in other cetaceans (García-
Alvarez et al. 2015). When the whales were analyzed independently, there was a significant 
correlation between Se and Hg in whale 88B11 (ρ= -0.43, p<0.001) and whale 97B8 (ρ=0.71, 
p<0.05). Molar ratios of each sample exceeding 1:1 indicate that Se may have had a protective 
effect against Hg toxicity (Berry and Ralston 2008). Alternatively, a molar ratio ≤1 may be 
indicative of all available Se being bound to Hg, potentially resulting in oxidative stress risk if 
any un-bound Hg existed (Caceres-Saez et al. 2013). Most samples in whales 66B1, 95B8, 97B8, 
98KK1, and 99KK1 had molar ratios smaller than 1:1, indicating that there is less available Se 
than Hg, which may result in toxicity. More specifically, every sample in whale 66B1 except one 
(66B1-B2) had a molar ratio under 1. Most samples in whale 95B8 also had a molar ratio less 
than 1. Every sample from whales 97B8, 98KK1, and 99KK1 (except those with selenium 
concentrations under the detection limit) also had molar ratios under 1. In contrast, every sample 
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from whales 78B2 and 89B10L had molar ratios over 1, indicating that Se was bound to all 
available Hg, leaving an excess of Se. More than half of the samples from whales 88B11 and 
most samples from 90B8 also had molar ratios exceeding 1. 
 
4.4. Temporal Trends Along the Baleen Plate 
Whales hunted from 1995-1999 had the highest concentrations of every element except 
Cu (Tables 4, 5). Additionally, element concentrations significantly increased as time progressed 
(Table 6). Concentrations of As, Mn, and Ni increased with time in both locations while Al, Cd, 
Co, Hg, Pb, Se, and Zn increased with time in at least one location. Cr was the only element to 
decrease as time progressed, though this only applied to two whales. 
Whales 95B8, 97B8, 98KK1, and 99KK1 had the highest concentrations of every 
element except Cu (Tables 4, 5). The latest hunted whale, 99KK1, had the highest mean 
concentrations among all whales for Al, As, Cr, Fe, Hg, Mn, Ni, and V. Whales 95B8, 97B8, and 
98KK1 had the highest average concentrations among all the whales for Al, Cd, Co, Hg, Mn, Ni, 
Pb, and Zn. This was likely due to increased anthropogenic activities over time, especially 
natural resource exploitation and pollution, resulting from a more easily accessible and socio-
economically productive Arctic environment (Congressional Research Service 2020). These 
relatively elevated concentrations may also be due to warming air and sea temperatures in the 
Arctic. Since 1992 air temperature has been increasing, especially in Barrow, AK (Papineau 
2001). This promotes increased length, frequency, and intensity of melting events (permafrost, 
snow, sea and glacial ice), which in turn would increase erosion. These processes would allow a 
relatively quicker increase in environmental concentrations compared to previous decades. 
Average concentrations of Cu were highest in the earliest landed whales (66B1 and 
78B2) (Table 3), although whales 88B11, 90B8, and 99KK1 had a few isolated concentrations 
that were in the hundreds or thousands of µg/g. This is may be attributed to coal mining, 
considering Cu is abundant in coal emissions (Demirbas 2005). More coal mines were open 
between 1941 and 1963 compared to the latter half the century, with these mines proximal to the 
study area or major rivers. Coal exploration along the coastal Beaufort Sea (1984) may explain 
the isolated concentrations in the latter hunted whales (Merrit 1986). Additionally, the sporadic 
elevated concentrations in whales 88B11, 90B8, and 99KK1 may be attributed to Red Dog Mine, 
which began exploration of 1988 (Teck 2020).  The Red Dog Mine, a significant producer of Cu 
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in the Americas, is situated in northwest Alaska close to the Chukchi Sea. The extraction and 
production of Cu from Red Dog Mine therefore present a source of Cu from the late 1980s on. 
Additionally, Cu exists naturally in crustacean blood (hemocyanin) and presents another source 
of concentrated Cu to bowhead whales via their zooplankton diet. It is possible that whales 66B1 
and 78B2 may have consumed prey with higher Cu content than prey available to the latter 
whales.  
 Element concentrations significantly fluctuated as time progressed (r ≥ |0.50|) (Table 6). 
All reported correlation coefficients for As, Hg, and Zn and more than half of the coefficients for 
Al, Cd, Mn, Ni, Pb, and Se were positive, indicating that concentration increased as time 
increased along the baleen plate (from tip (older) to base (younger)). Each trend should be 
considered entirely independent, even if multiple whales have similar trends for the same 
element. For example, Al concentrations increased as time progressed in whale 66B1 
(Bering/Chukchi seas) (r = 0.59), 90B8 (Beaufort Sea) (r = 0.62), 95B8 (Beaufort Sea) (r = 0.93), 
and 98KK1 (Beaufort Sea) (r = 0.64). Therefore, in 66B1 (Bering/Chukchi seas) Al 
concentrations increased across the plate from the oldest (1958) to newest (1966) plate growth. 
In whale 90B8 Al concentrations (Beaufort Sea) increased from 1979 to 1990 while Al 
concentrations in whale 95B8 (Beaufort Sea) increased from 1991 to 1995. Concentrations 
increased from 1988 to 1997 in whale 98KK1 (Beaufort Sea). Since each element was analyzed  
per whale, independent of other whales, it cannot be said that Al increased in concentration from 
1958 to 1997, or across all whales as a whole. Several unknown factors (e.g. current element 
load, physiological status, migration path) likely affected these concentrations and could not be 
accounted for in statistical models 
When looking at both locations, As, Mn, and Ni concentrations significantly increased as 
time progressed. More specifically, As significantly increased with time for whales 66B1 (r = 
0.90, 0.89) and 98KK1 (r = 0.83, 0.74). The temporal trend of arsenic in bowhead whales 66B1 
and 98KK1 is difficult to explain with certainty. The time recorded in the whales’ baleen plates 
do not overlap, and the trend was not detected in any other whales. Therefore, it is uncertain as to 
the cause of this increase. Concentrations of Mn also increased with time in whales 98KK1 (r = 
0.58, 0.62) and 99KK1 (r = 0.61, 0.81). Since these whales’ plates overlapped temporally (1991–
1998), it is possible that environmental concentrations increased during this time from 
anthropogenic activities or environmental processes. Concentrations of Ni increased with time in 
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whale 66B1 (r = 0.79, 0.67). High fossil fuel combustion and battery production (specifically 
before the 1980s) potentially explain this trend, though it was only seen in one of the nine whales 
studied (Broussely et al. 1999; Cempel and Nikel 2006).  
In at least one location per whale, Al, Cd, Co, Hg, Pb, Se, and Zn increased in 
concentration over time for the majority of whales (Table 6). This may be attributed to a variety 
of factors: a warming Artic environment releasing elements in permafrost, ice, and snow and 
intensifying erosion, increasing industrial activity, potential bioaccumulation, or a combination 
of these (Congressional Research Service 2020). Since Al is the most abundant metal and third 
most common element in Earth’s crust, coastal erosion or sediment accumulation allow 
associated elements to enter the coastal environment (ATSDR 2008; Farquharson et al. 2018). 
Found in shipping discharges and coal combustion, Cd can enter the environment through 
anthropogenic activities (Demirbas 2005; Tornero and Hanke 2016). Though a byproduct of 
lithium batteries and mining, Co is also found in Earth’s crust (Miller and Goldfarb 1997; 
Broussely et al. 1999). Permafrost contains high levels of Hg (Schuster et al. 2018). Warming air 
temperatures in the Arctic increase the intensity, length, and frequency of melting events, 
allowing Hg to permeate the aquatic environment through runoff. Melting permafrost and 
glaciers, as well as runoff, increase coastal erosion. This allows Hg to further penetrate the 
marine environment. Mining (e.g. Red Dog Mine), shipping discharges, and coal emissions all 
present sources of Pb in the marine environment from which baleen can absorb (Naidu et al. 
1997; Demirbas 2005; O’Hara et al. 2006; Tornero and Hanke 2016). As a natural occurrence in 
Earth’s crust, Se also enters the environment through Cu refinery waste and fossil fuel 
combustion (GESAMP 1988). The Red Dog Mine has one of the world’s largest Zn deposits and 
is also a significant source of Cu to the Americas (Teck 2020). This mine is near the Chukchi 
Sea in northwest Alaska and provides a point source for Cu and Zn from which to enter the 
marine environment from the late 1980s on. Increased industrial activities and erosion likely 
explain these elements’ increasing concentrations with time. 
Cr was the only element with mostly negative correlation values (whales 90B8, 95B8), 
indicating that concentrations decreased as time progressed. Baleen plates from 90B8 and 95B8 
did not have overlapping timeframes (1979-1990, 1990-1995), but they did overlap with plates 
from whales 97B8, 98KK1, and 99KK1, which did not have this temporal trend in Cr 
concentrations. Therefore, the observed trend was likely due to biological factors (current 
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element load, physiology, excretion) rather than environmental (i.e. decreased weathering) or 
anthropogenic (i.e. decreased fossil fuel combustion).  
 
4.4. Spatial Distribution of Elements 
Location did not significantly affect concentration (p>0.05) (Fig. 7). However, whale 
99KK1 had the highest mean concentrations across all whales for: Al, As, Cr, Fe, Mn, and Ni in 
both locations; Cd, Fe, Hg, and V in the Beaufort Sea; Zn in the Bering/Chukchi seas (Table 5). 
Average concentrations in whales 66B1 and 78B2 were higher in the Bering/Chukchi seas than 
the Beaufort Sea, except for As and Se in both whales and Cu, Hg, and Ni in 66B1. Whales 
89B10L, 90B8, 95B8, 98KK1, and 99KK1 had high average concentrations of Cd, Co, Cr, Fe, 
Mn, and Pb in samples representing the Beaufort Sea compared to those representing the 
Bering/Chukchi seas. 
            Mean concentrations of As were higher in samples representative of the Beaufort Sea 
across all whales (Table 5). Compared to the Bering/Chukchi seas, Cd and Co had higher 
averages in samples representing the Beaufort Sea across all whales, except 66B1, 78B2, and 
97B8. The same was true for Cr except for whales 66B1, 78B2, and 88B11. Whale 89B10L had 
higher mean concentrations for all metals except V and Zn in samples representative of the 
Beaufort Sea than in samples representing the Bering/Chukchi seas. This was also true for 90B8 
for every element except Fe, and 95B8 for every element except Se and Zn.  In contrast, whale 
78B2 had higher mean concentrations in samples representing the Bering/Chukchi seas than 
those representing the Beaufort Sea for all elements except As and Se.  
These differences in location-based concentrations are likely due to a variety of factors. 
Water temperature and pH in the Beaufort Sea may have been more optimal for environmental 
element absorption (Kar and Misra 2004). Differences in prey, foraging locations, and migration 
path may have resulted in elevated concentrations obtained from the Beaufort Sea compared to 
the Bering/Chukchi seas. Current concentration loads in baleen and other tissues, as well as 
redistribution of concentrations among tissues may have influenced the detected concentrations 
(Yamamoto et al. 1987; Cuvin-Aralar and Furness 1991; Banat et al. 2002). More industrial 
activity or pollution in or proximal the Beaufort Sea could have caused these location-specific 
results (Demirbas 2005; Tornero and Hanke 2016).   
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Figure 7. Mean concentrations (µg/g) of each element among all whales in the Bering/Chukchi seas (blue) and Beaufort Sea (orange). 
Bars with horizontal lines (Al, Cu, Fe, Zn) correspond to the secondary axis
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On average, Fe and Mn had higher concentrations in the Beaufort Sea for all whales 
except 66B1, 78B2, 88B11, and 90B8 (Fe only). Mean Fe concentrations from samples 
representing the Beaufort Sea were at least double the concentrations found in the 
Bering/Chukchi seas in all whales (Table 4). Major rivers like the Mackenzie and Colville 
deposit Fe-laden sediment into the coastal marine environment. During formation of sea ice, 
glaciers, and icebergs, sediment and associated elements, like Fe, are incorporated into the ice 
while passing over land and continental shelves (de Baar and de Jong 2001). As this ice melts, 
sediment and associated elements are released into the ocean environment where they are 
weathered and transported further (Pfirman et al. 1995a, b).  
Whale 89B10L had higher mean concentrations for all elements in samples representative 
of the Beaufort Sea, except V which had the same average concentrations in both locations, and 
Zn which was higher in the Bering/Chukchi seas. This trend in 89B10L could have been due to 
this individual staying in the Beaufort Sea longer than what is considered typical for this  
population. The western Arctic experienced a warm period from the 1970s through mid-1980s 
(Overland et al. 2002). If there was later and less ice growth in the Beaufort Sea to encourage the 
population to migrate to their overwintering grounds, then it is possible that some individuals, 
like 89B10L, stayed in their foraging habitat of the Beaufort Sea longer than what is typical. 
Although this follows the assumption that the Beaufort Sea has higher concentrations than the 
Bering/Chukchi seas, this is simply a hypothesis and cannot be confidently stated since water 
samples were not collected to compare to the baleen samples. Alternatively, this warmer phase 
likely increased permafrost, ice, and snow melt frequency and intensity. This likely released 
higher concentrations of elements into the environment compared to cooler temperature years.  
Marine mammals have been known to redistribute elements among tissues, which was 
thought to protect against toxicity (Yamamoto et al. 1987; Cuvin-Aralar and Furness 1991). This 
should be kept in mind when looking at location- and time-specific concentrations, as the 
detected concentrations in this study may not be entirely representative of concentrations in that 
location or the time the sample signifies. Element concentrations from the environment and prey 
need to be determined and compared with baleen concentrations in order to confidently say the 
source of such concentrations. Even more, nutrient limitation and co-limitation may be 
influencing the determined concentrations, and therefore should be considered when using 
organisms as indicators of environmental concentrations. Ultimately, the sources of the detected 
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concentrations cannot be pinpointed beyond the general water mass in this study. These 
concentrations also may not accurately represent the environment if physiology is limiting or  
encouraging uptake. 
 
4.5. Element Concentrations in Baleen 
The highest concentrations in baleen were Al, Cu, Fe, and Zn, likely due to Alaska’s 
geology and bowhead whale composition (St. Aubin et al. 1984). It should be noted that Cu, Fe, 
and Zn are essential elements, while Al is non-essential. Among the lowest concentrations were 
As, Cd, and V. 
Concentrations of Al were between 10.9 and 3000 µg/g. As the most abundant metallic 
cation found in Earth’s crust, Al is the most widely distributed metal in the environment 
(McLean 1976; Nayak 2002). Weathering and waste rock from mining activity release Al into 
the environment (McLean 1976; Nayak 2002). Dissolved oceanic Al is relatively low compared 
to riverine dissolved Al, possibly due to Al removal by biogenic particles in highly productive 
surface waters (Orions and Bruland 1986; Gehlen et al. 2002). However, river deltas (e.g. 
Mackenzie River Delta in Beaufort Sea) present an environment where dissolved and sediment-
associated Al may be concentrated. In this environment Al would likely not dissolve into the 
water column enough to compensate for continual input of high concentrations.  
Detected concentrations of Cu (3.1 – 4,220 µg/g) exceeded concentrations that naturally 
exist in bowhead whale baleen (8 µg/g) (St. Aubin et al. 1984). Concentrations exceeding 
baleen’s natural composition are likely from the environment or prey. Lithium batteries and 
associated wastes contain Cu (Broussely et al. 1999). Significant amounts of Cu have been 
mined during the study timeframe (1958 – 1999) (Miller and Goldfarb 1997). Waste or large 
concentrations in sediments carry Cu to the coast by rivers. Crustaceans, bowhead whales’ 
predominant prey, have Cu-based blood (hemocyanin) (Terwiliger 2015). Since bowhead whales 
consume approximately 100 metric tons of zooplankton, prey present a large source of Cu for 
bowhead whales (Bohn and McElroy 1976; Thomson 1987).   
Fe in baleen had a broad range (0–40,000 µg/g). Approximately 20 µg/g exist naturally in 
bowhead whale baleen. Fe is also a vital micronutrient upon which most life is dependent (Raven 
et al. 1999). Phytoplankton are especially dependent upon Fe for photosynthesis compared to 
other trophic levels that are heterotrophic. Zooplankton then consume phytoplankton where 
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element concentrations can biomagnify through the food chain. Since bowhead whales mainly 
consume zooplankton, and a large volume of them, the ingested crustaceans present a large 
source of Fe for bowhead whales that are further biomagnified (Bohn and McElroy 1976; 
Thomson 1987). Even more, large Fe deposits can be found throughout Alaska, particularly in 
the western and northwestern regions (Athey et al. 2013). This may explain the incredibly high 
concentrations of Fe compared to bowhead whale baleen composition. 
It should be noted that the physiological and biological concentrations of Cu and Fe are 
interdependent, as they interact to control physiological needs based on environmental 
availability. The Bering Sea is Fe-limited (Coale 1991; Peers et al. 2005). Some phytoplankton 
have adapted to this by decreasing Fe dependency but increasing the demand for Cu. This could 
account for the colimitations of Cu and Fe previously observed in the Bering Sea and may 
explain why detected Cu concentrations were higher than what is naturally found in baleen. 
Alternatively, Schoffman et al. (2016) found that the presence of Cu encouraged increased Fe 
uptake. It has been suggested that some cells are able to alleviate Cu toxicity by binding Cu to 
molecules that bind to metal ions and alleviate toxicity by decreasing ion load (Clarke et al. 
1978; Nicolaisen et al. 2010).  
Despite a broad range (110 – 8000 µg/g) and a few sporadic outliers, Zn had the most 
consistent concentrations across all samples. This was probably because bowhead whale baleen 
naturally has 216 µg/g of Zn (St. Aubin et al. 1984). Any deviations from the amount that’s 
naturally in baleen is most likely derived from the environment or prey. Significant amounts of 
Zn have been produced from mining throughout the time frame of this study (1958-1999), 
especially at Red Dog Mine proximal the Chukchi Sea and Ruby Creek at Bornite along the 
Yukon River (Naidu et al. 1997; O’Hara et al. 2006). Additionally, Zn can be found in shipping 
discharges (Tornero and Hanke 206). These industrial activities permit Zn to enter Alaska’s 
marine environment during this time.  
Levels of As for all samples ranged between 0.08 and 3 µg/g. Shipping discharges and 
coal emissions allow As to enter aquatic ecosystems (Demirbas 2005; Tornero and Hanke 2016). 
Although direction element ion absorption from water into baleen has not been proven, it is still 
possible that direct absorption of As from water into baleen tissue may have contributed to these 
elevated concentrations. Even more, ingested prey presents another source of elements which can 
biomagnify and concentrate in baleen over time. 
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Concentrations of Cd ranged from not detected (N/D) to 10 µg/g, and may have resulted 
from industrial activity (coal combustion, shipping discharges), consuming prey, or transferring 
Cd from another tissue to baleen to avoid toxicity (Yamamoto et al. 1987; Cuvin-Aralar and 
Furness 1991; Demirbas 2005; Tornero and Hanke 2016).  
Levels of V had a small range (0.00–2 µg/g). Invertebrates comprise the majority of 
bowhead whale prey and present a source of V in baleen tissue (Becker et al. 1997; Das et al. 
2003). A constituent of crude oil, V can also infiltrate the marine environment through 
operational discharges and seepage relating to petroleum activities (Maki 1992; Osuji and 
Onojake 2004).      
Concentrations of Mn ranged from 0.19 – 200 µg/g, although most samples had 
concentrations ranging between 0.19 and 12 µg/g. Large amounts of Mn are found in minerals 
and Earth’s crust (Howe et al. 2005; Khamkhash et al. 2017). Erosion and volcanic activity, as 
well as mining and pollution, release Mn into the environment. The relatively higher 
concentrations of Mn were in whales from the late 1990’s, which may have resulted from 
increased industrial activity and pollution during that time. 
Levels of Ni in baleen ranged between 0.085 and 20 µg/g. This element has not been 
determined in any bowhead whale tissue to our knowledge, so it was critical to include this 
element in our analyses. Nickel is widespread in the environment, as there are nearly 100 
minerals of which Ni is a significant constituent (Cempel and Nikel 2006). It is the 5th most 
abundant element by weight and comprises approximately 3% of Earth. Combustion of fossil 
fuels (coal, oil), domestic wastewater effluents, and battery production (especially before the 
1980s) are human activities that increase environmental concentrations of Ni (Broussely et al. 
1999; Cempel and Nikel 2006). 
Concentrations of Co ranged from 0.0 to 20 µg/g. The evolution of lithium batteries led 
to the inclusion of Co in the late 1980s (Broussely et al. 1999). Waste from battery production 
and use likely contributed to environmental Co concentrations from the 1980s onward. Naturally 
in Earth’s crust, Co is typically found in concentrations less than one percent with Cu, Fe, Pb, Ni, 
and Ag ores (Elinder and Friberg 1986). Most environmental Co is a by-product of Cu and Ni 
production (Miller and Goldfarb 1997). These elements are largely mined in Alaska and 
probably mobilize Co during excavations.  
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 Concentrations of Se in baleen ranged from not detected to 20 µg/g. Naturally in Earth’s 
crust, Se can enter the environment through erosion, with its average environmental 
concentration estimated around 0.09 µg/g (Lakin and Davidson 1967; GESAMP 1988). Despite 
Se being a major component of 40 minerals, these minerals are finely dispersed without forming 
a concentrated Se ore (Painter 1941). This may explain the relatively low concentrations found in 
bowhead whale baleen. Refinery waste and burning of fossil fuels (coal, crude oil) additionally 
increase environmental Se concentrations (GESAMP 1988).  
Concentrations of Cr ranged between 0.1 and 30 µg/g. Associated with drilling fluids, 
formation waters, crude oil, and coal emissions, Cr can enter the environment through various 
anthropogenic activities (Naidu et al. 1997; Boesch and Rabalais 2003; Demirbas 2005). As Cr 
enters the environment and bowhead whales continuously skim feed, direct contact between ions 
and baleen’s proteins likely encourage ion absorption (Kar and Misra 2004; Werth et al. 2013). 
This may explain why concentrations in baleen were generally higher than concentrations found 
in other tissues.  
Concentrations of Hg were between 0.85 and 60 µg/g. Pomerleau et al. (2018) looked at 
Hg cycling in baleen and found a much narrower range of 0.0325 – 0.5937 µg/g. Though some 
values from this study correlate with Pomerleau et al.’s findings, most concentrations were 
relatively higher. The higher concentrations may be due to permafrost melting or the individual 
whales diverting toxic concentrations away from other tissues (Yamamoto et al. 1987; Cuvin-
Aralar and Furness 1991). Permafrost contains high levels of Hg and an increasingly warming 
Arctic promotes melting (Schuster et al. 2018). This releases Hg into rivers and runoff, and 
subsequently the coastal marine environment. Even more, melting permafrost and glaciers 
increase erosion which further amplify environmental concentrations. It is also possible that the 
whales are diverting toxic concentrations from other tissues to the baleen since Hg can be toxic 
even at low concentrations (Das et al. 2003). Consumption of prey from different areas at 
varying times may also contribute to the difference between Pomerleau et al. (2018) and our 
findings. Copepods and euphausiids are main constituents of bowhead whale diet and generally 
have low levels of Hg (Honda et al. 1983). However, bowhead whales consume large quantities 
of these prey which would allow biomagnification and result in relatively elevated 
concentrations. 
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Baleen concentrations of Pb had a broad range (0.171 – 500 µg/g), though most 
concentrations were between 0.17 and 9.4 µg/g. Mining, shipping discharges, and coal emissions 
present sources of Pb to the marine environment (Naidu et al. 1997; Demirbas 2005; O’Hara et 
al. 2006; Tornero and Hanke 2016). The Red Dog Mine in western Alaska contains Pb ores. 
 
4.6. Baleen Concentrations Compared to Other Bowhead Tissues 
Compared to other bowhead whale tissues (blubber, liver, kidney, muscle, spleen), only 
Cd, Cr, Hg, Pb, Se, and Zn had higher concentrations in baleen (Byrne et al. 1985; Bratton et al. 
1993; Becker et al. 1997; Krone et al. 1999; Woshner et al. 2001; Rosa et al. 2008). It should be 
noted that, to my knowledge, Ni has never previously been reported in any bowhead whale 
tissues and is therefore excluded from this section.  
Concentrations of Cd in baleen were similar to concentrations in bowhead whale blubber, 
kidney, muscle, and spleen (Byrne et al. 1985; Becker et al. 1997; Woshner et al. 2001; Rosa et 
al. 2008). However, Krone et al. (1999) and Rosa et al. (2008) found much higher liver 
concentrations with means ranging from 2.41 to 88.0 µg/g. Cd is commonly reported in high 
levels in marine mammal livers due to Cd’s affinity for lipids (Becker 2000). 
Concentrations of Cr were higher in baleen tissue (0.1 – 30 µg/g) than blubber, kidney, 
muscle, spleen, and liver (Byrne et al. 1985; Becker et al. 1997; Krone et al. 1999; Woshner et al. 
2001; Rosa et al. 2008). Associated with drilling fluids, formation waters, crude oil, and coal 
emissions, Cr can enter the environment through various anthropogenic activities (Naidu et al. 
1997; Boesch and Rabalais 2003; Demirbas 2005). As Cr enters the environment and bowhead 
whales continuously skim feed, direct contact between ions and baleen’s proteins likely 
encourage ion absorption (Kar and Misra 2004; Werth et al. 2013). This may explain why 
concentrations in baleen were generally higher than concentrations found in other tissues.  
Concentrations of Hg were drastically higher in baleen (0.85 – 60 µg/g) compared to 
other tissues, which had a maximum of 0.04 µg/g (Byrne et al. 1985; Bratton et al. 1993; Mackey 
et al. 1996; Becker et al. 1997; Krone et al. 1999; Woshner et al. 2001; Rosa et al. 2008). The 
higher concentrations may be due to several possibilities. Permafrost and peat are known to 
contain high levels of Hg (Schuster et al. 2018), and an increasingly warming Arctic would 
release higher concentrations of Hg into rivers and, subsequently, the coastal marine 
environment. It is also possible that the whales are diverting toxic concentrations from other 
 32 
 
 
tissues to the baleen since Hg can be toxic even at low concentrations (Yamamoto et al. 1987; 
Cuvin-Aralar and Furness 1991; Das et al. 2003). The direct contact between the baleen proteins 
and metal ions may allow for quicker and greater absorption than other tissues, though this has 
not yet been experimentally proven in whales (Kar and Misra 2004; Werth et al. 2013). 
Copepods and euphausiids, bowhead whales’ main prey, generally have low levels of Hg (Honda 
et al. 1983). However, bowhead whales consume large quantities of these prey, which would 
allow biomagnification and extend direct contact between baleen and Hg in prey. 
Baleen concentrations of Pb had a broad range (0.171 – 500 µg/g), though most 
concentrations were between 0.17 and 9.4 µg/g. Concentrations in baleen were higher than 
concentrations in blubber, liver, kidney, muscle, and spleen which never exceed 1 µg/g (Byrne et 
al. 1985; Krone et al. 1999; Woshner et al. 2001). Pb is toxic at low concentrations (Das et al. 
2003). The observed elevated concentrations compared to other tissues may have resulted from 
the whales diverting toxic concentrations from other tissues to the baleen to avoid damage to 
critical organs and tissues even at low concentrations (Yamamoto et al. 1987; Cuvin-Aralar and 
Furness 1991).  
Concentrations of Se in baleen (not detected to 20 µg/g) were higher than concentrations 
found in other tissues like liver and kidney (Byrne et al. 1985; Bratton et al. 1993; Mackey et al. 
1996; Woshner et al. 2001; Rosa et al. 2008), but lower compared to blubber (Byrne et al. 1985). 
If the bowhead whales shunted Hg from other tissues to baleen, as previously stated, then it is 
possible that Se was also shunted from other tissues to baleen (Yamamoto et al. 1987; Cuvin-
Aralar and Furness 1991). Se has been known to binds to Hg, potentially reducing toxicity 
(Berry and Ralston 2009). Previous studies have shown Hg accumulation in marine mammals via 
ingestion or exposure was accompanied by increased accumulation or retention of Se (Koelman 
et al. 1973; Kosta et al. 1975). 
Concentrations of Zn in baleen (110 – 8000 µg/g) were higher compared to kidney, liver, 
muscle, blubber (Byrne et al. 1985; Woshner et al. 2001; Rosa et al. 2008). These tissues had 
concentrations under 40 µg/g. This discrepancy between baleen and other tissues may be best 
explained by bowhead whale baleen’s natural composition. Bowhead baleen naturally has 216 
µg/g of Zn so most concentrations in baleen were around 200 µg/g, despite a few outliers (St. 
Aubin et al. 1984).  
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5. CONCLUSION 
5.1. Conclusions 
 All 14 elements (Al, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, V, and Zn) were 
detected in bowhead whale baleen from whales landed between 1966 and 1999. Fe, Mn, and Ni 
varied similarly across the plate for whales from the 1990s. In whales from 1989-1999, there was 
at least one sample where most elements had their highest concentrations; these samples mostly 
represented the Beaufort Sea and coincided with flooding events or PDO climatic shifts. Se and 
Hg were significantly correlated across all whales (ρ = -0.398, p < 0.001). Se:Hg in whales 
66B1, 95B8, 97B8, 98KK1, and 99KK1 suggested Hg toxicity.  
Concentrations of Al, As, Cd, Hg, Mn, Ni, Pb, Se, and Zn increased as time progressed (r 
≥ |0.50|), though Cr decreased. All elements except Cu had their highest concentrations in whales 
from the mid to late 1990s. The earliest hunted whales had the highest concentrations of Cu. Al, 
Fe, and Zn had the highest mean concentrations, while As, Cd, and V had the lowest. Location 
did not significantly affect concentration (p>0.05), though several location-specific trends were 
observed. Average concentrations of As, Cd, Co, Cr, Mn, Ni were highest for most whales in 
samples representing the Beaufort Sea.  
Temporal and spatial variations in element concentrations were likely a result of both 
natural and anthropogenic factors. This may include, but is not limited to, the spatial and 
temporal differences in Alaska’s geology, its weather, anthropogenic activities, prey items, 
foraging locations, and migration paths, as well as baleen’s natural composition. Current element 
load in each whale’s body likely contributed to these trends as well since elements interact with 
each other, and some animals have been known to shunt concentrations away from vital organs 
and systems into less critical tissues. Though whales could not be statistically compared due to 
unknown physiological conditions, shared trends in concentrations are likely due to 
environmental factors, such as flooding events, or biological factors, like similar migration route 
or foraging grounds during overlapping seasons and years. 
This study provided the first baseline dataset of concentrations in baleen and offered a 
general understanding of time and space of environmental and biological concentrations. 
Comparing this study to recent bowhead whale baleen samples, as well as comparing bowhead 
whale baleen samples to prey and water samples, will better determine whether these 
concentrations are changing over time and space and with the source of these elements. Analyses 
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of subsistence-harvested animals and baleen tissue offer a novel way to obtain and analyze 
organismal tissue for potentially toxic concentrations. It is critical to understand biological and 
environmental elemental concentrations, as biota play a critical role in the cycling and 
distribution of trace elements and metals in the world’s oceans. Even more, the human 
population is dependent upon the environment and Earth’s animals for survival. 
 
5.2. Future Considerations 
Analysis of baleen samples, as well as concomitant prey and water samples, would 
provide a better idea as to where the whales are obtaining their elemental concentrations. 
Toxicological studies would yield insight into which of the reported concentrations are 
detrimental to bowhead whales. Comparing this project’s data to more recent baleen samples 
would extend the temporal aspect from this project and better show whether this population is 
being exposed to or obtaining higher element concentrations. In today’s environment, Earth’s 
climate, especially the Arctic’s, is warming and human needs are met through rapid production 
and material use. This makes it critical to understand how the byproducts of today’s world are 
affecting not only biota, but also the Earth’s ecosystems.
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Table 1. Harvest date and location, age (years) and age class, body length (meters), and sex for the bowhead whales sampled. 
N/A = data not available. * Pregnant. (Schell et al. 1989a, b, 1992, 2000, 2005) 
Whale ID Harvest Date Harvest Location Age (years)  
[Age Class] 
Body Length 
(meters) 
Sex 
66B1 10 May, 1966 Barrow 9 [Subadult] 9.5 Male 
78B2 May, 1978 Barrow 4.5 [Subadult] N/A Male 
88B11 17 Sept., 1988 Barrow >22.5 [Adult] N/A Female 
89B10L 28 Oct., 1989 Barrow N/A [N/A] 8.1 Female 
90B8 2 Oct., 1990 Barrow >13.5 [N/A] 12.9 Male 
95B8 1 June, 1995 Barrow N/A [Adult] 15.2 Female* 
97B8 15 May, 1997 Barrow N/A [Adult] N/A Female 
98KK1 4 Sept., 1998 Kaktovik N/A [Subadult] N/A Male 
99KK1 11 Sept., 1999 Kaktovik N/A [Subadult] N/A Female 
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Table 2. Location (B=Beaufort Sea, BC=Bering/Chukchi seas), time (season & year(s)), δ13C (‰), and δ15N (‰) for each sample 
(n=148). Samples were created by combining two samples per enrichment cycle and separately combining two samples per depletion 
cycle to accurately represent location and season/year. Some samples were not combined if only one sample was available. Winter is 
reported as two years and represent November through March. The δ13C and δ15N values are reported for each sample before 
combination, and then averaged to represent the new combined sample used in this project. Sample weight (g) represents combined 
sample weights. -- = not available 
Sample ID Location (B, BC) Season and Year(s) δ13C δ13C Avg δ13C δ15N δ15N Avg δ15N Sample Weight (g) 
66B1-BC1 BC Winter 66/65 -17.7 -18.0 -17.9 16.9 -- 16.9 0.090 
66B1-B1 B Summer 65 -19.9 -19.8 -19.8 12.3 14.3 13.3 0.297 
66B1-BC2 BC Winter 65/64 -18.5 -17.4 -18.0 15.8 14.5 17.9 0.285 
66B1-B2 B Summer 64 -20.6 -20.1 -20.3 11.1 15.0 13.1 0.159 
66B1-BC3 BC Winter 64/63 -18.2 -17.8 -18.0 16.3 14.3 18.9 0.053 
66B1-B3 B Summer 63 -19.6 -20.2 -19.9 14.3 12.0 13.1 0.171 
66B1-BC4 BC Winter 63/62 -18.1 -17.8 -17.9 15.3 14.2 19.9 0.185 
66B1-B4 B Summer 62 -19.6 -19.0 -19.3 -- 13.5 13.5 0.151 
66B1-BC5 BC Winter 62/61 -17.9 -17.8 -17.9 -- 15.6 15.6 0.293 
66B1-B5 B Summer 61 -18.2 -18.6 -18.4 14.1 14.5 14.3 0.142 
66B1-BC6 BC Winter 61/60 -18.2 -18.8 -18.5 15.7 16.3 16.0 0.165 
66B1-B6 B Summer 60 -21.4 -- -21.4 14.1 -- 14.1 0.083 
66B1-BC7 BC Winter 60/59 -17.5 -17.7 -17.6 16.6 16.6 16.6 0.133 
66B1-B7 B Summer 59 -- -18.9 -18.9 15.2 15.7 15.5 0.141 
66B1-BC8 BC Winter 59/58 -17.6 -17.5 -17.5 17.3 18.6 18.0 0.113 
78B2-BC1 BC Winter 78/77 -19.3 -19.1 -- 15.9 16.7 16.3 0.036 
78B2-B1 B Summer 77 -23.0 -- -23.0 11.7 -- 11.7 0.041 
78B2-BC2 BC Winter 77/76 -17.7 -17.9 -17.8 15.7 15.0 15.4 0.085 
78B2-B2 B Summer 76 -18.9 -18.8 -18.9 -- 13.5 13.5 0.096 
78B2-BC3 BC Winter 76/75 -17.9 -17.7 -17.8 15.3 14.8 15.1 0.121 
78B2-B3 B Summer 75 -19.4 -19.5 -19.5 14.0 -- 14 0.088 
78B2-BC4 BC Winter 75/74 -17.4 -17.7 -17.6 15.8 16.0 15.9 0.103 
78B2-B4 B Summer 74 -21.2 -20.2 -20.7 12.8 13.3 13.1 0.129 
78B2-BC5 BC Winter 74/73 -17.8 -17.7 -17.8 16.3 -- 16.3 0.062 
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88B11-B1 B Summer 88 -19.6 -- -19.6 13.7 -- 13.7 0.035 
88B11-BC1 BC Winter 88/87 -18.1 -18.2 -18.2 15.2 14.4 14.8 0.031 
88B11-B2 B Summer 87 -17.5 -19.9 -18.7 13.5 14.0 11.2 0.017 
88B11-BC2 BC Winter 87/86 -19.0 -18.8 -18.9 15.1 14.5 14.8 0.024 
88B11-B3 B Summer 86 -19.2 -- -19.2 14.3 13.9 14.1 0.030 
88B11-BC3 BC Winter 86/85 -18.1 -17.4 -17.7 15.2 14.3 14.7 0.021 
88B11-B4 B Summer 85 -18.1 -- -18.1 14.2 14.4 14.3 0.037 
88B11-BC4 BC Winter 85/84 -18.7 -18.7 -18.2 14.9 14.8 14.8 0.011 
88B11-B5 B Summer 84 -19.2 -18.3 -18.8 13.2 13.2 13.2 0.011 
88B11-BC5 BC Winter 84/83 -18.6 -18.0 -18.3 14.6 14.5 14.6 0.009 
88B11-B6 B Summer 83 -18.2 -19.1 -17.2 13.5 13.9 13.7 0.019 
88B11-BC6 BC Winter 83/82 -18.4 -18.3 -18.3 14.6 14.1 14.3 0.011 
88B11-B7 B Summer 82 -18.9 -19.4 -17.2 13.6 13.5 13.5 0.030 
88B11-BC7 BC Winter 82/81 -18.5 -18.4 -18.5 15.0 14.9 14.9 0.028 
88B11-B8 B Summer 81 -19.2 -19.1 -19.2 13.4 13.4 13.4 0.031 
88B11-BC8 BC Winter 81/80 -17.9 -18.0 -16.2 14.8 14.6 14.7 0.012 
88B11-B9 B Summer 80 -18.9 -- -18.9 12.9 -- 12.9 0.012 
88B11-BC9 BC Winter 80/79 -17.3 -17.3 -17.3 14.7 14.8 14.8 0.021 
88B11-B10 B Summer 79 -18.6 -18.0 -16.2 14.6 14.0 14.3 0.017 
88B11-BC10 BC Winter 79/78 -17.2 -16.6 -16.9 14.6 13.7 14.1 0.032 
88B11-B11 B Summer 78 -19.8 -- -19.8 13.5 -- 13.5 0.018 
88B11-BC11 BC Winter 78/77 -17.7 -17.7 -15.2 15.7 14.3 15.0 0.023 
88B11-B12 B Summer 77 -18.9 -- -18.9 14.2 -- 14.2 0.010 
88B11-BC12 BC Winter 77/76 -17.6 -17.9 -17.7 16.4 16.7 16.6 0.022 
88B11-B13 B Summer 76 -18.2 -18.9 -15.2 14.3 14.0 14.2 0.025 
88B11-BC13 BC Winter 76/75 -17.1 -16.8 -16.9 16.1 13.6 14.8 0.020 
88B11-B14 B Summer 75 -18.5 -- -18.5 13.6 14.0 13.8 0.026 
88B11-BC14 BC Winter 75/74 -17.0 -16.8 -14.2 15.7 14.7 15.2 0.037 
88B11-B15 B Summer 74 -18.0 -18.0 -18.0 14.0 15.2 14.6 0.023 
88B11-BC15 BC Winter 74/73 -17.4 -17.2 -17.3 16.3 16.5 16.4 0.014 
88B11-B16 B Summer 73 -18.0 -18.9 -14.2 13.9 14.0 14.0 0.064 
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88B11-BC16 BC Winter 73/72 -18.2 -17.9 -18.0 15.4 15.4 15.4 0.111 
88B11-B17 B Summer 72 -19.2 -19.1 -19.1 13.6 13.8 13.7 0.052 
88B11-BC17 BC Winter 72/71 -18.0 -18.2 -13.2 15.5 16.0 15.8 0.044 
88B11-B18 B Summer 71 -17.9 -18.0 -18.0 13.5 13.3 13.4 0.065 
88B11-BC18 BC Winter 71/70 -17.6 -17.7 -17.6 15.5 14.7 15.1 0.054 
88B11-B19 B Summer 70 -17.9 -18.7 -13.2 12.9 13.9 13.4 0.032 
88B11-BC19 BC Winter 70/69 -17.4 -17.6 -17.5 14.3 13.5 13.9 0.065 
88B11-B20 B Summer 69 -18.9 -- -18.9 12.8 -- 12.8 0.015 
88B11-BC20 BC Winter 69/68 -17.3 -16.2 -12.2 14.7 12.5 13.6 0.032 
89B10L-B1 B Summer 89 -24.4 -23.1 -23.8 11.9 11.9 11.9 0.083 
89B10L-BC1 BC Winter 89/88 -19.2 -19.2 -19.2 14.8 14.5 14.6 0.093 
89B10L-B2 B Summer 88 -21.1 -21.2 -12.2 13.6 12.4 13.0 0.097 
89B10L-BC2 BC Winter 88/87 -18.4 -18.4 -18.4 15.2 14.9 15.0 0.086 
89B10L-B3 B Summer 87 -21.0 -20.9 -21.0 12.3 13.4 12.9 0.076 
89B10L-BC3 BC Winter 87/86 -19.0 -19.4 -19.2 15.9 15.7 15.8 0.074 
89B10L-B4 B Summer 86 -22.2 -22.0 -22.1 12.5 12.3 12.4 0.093 
89B10L-BC4 BC Winter 86/85 -18.4 -18.5 -18.4 15.8 15.8 15.8 0.072 
89B10L-B5 B Summer 85 -18.2 -18.9 -18.6 14.6 15.0 14.8 0.056 
90B8-B1 B Summer 90 -20.0 -19.7 -19.9 -- -- -- 0.036 
90B8-BC1 BC Winter 89/90 -18.4 -18.3 -18.4 -- -- -- 0.045 
90B8-B2 B Summer 89 -19.8 -20.8 -20.3 -- -- -- 0.040 
90B8-BC2 BC Winter 88/89 -19.1 -19.2 -19.2 -- -- -- 0.035 
90B8-B3 B Summer 88 -19.1 -19.5 -19.3 -- -- -- 0.033 
90B8-BC3 BC Winter 87/88 -18.3 -- -18.3 -- -- -- 0.016 
90B8-B4 B Summer 87 -20.6 -19.8 -20.2 -- -- -- 0.031 
90B8-BC4 BC Winter 86/87 -18.5 -18.7 -18.6 -- -- -- 0.036 
90B8-B5 B Summer 86 -20.0 -20.4 -20.2 -- -- -- 0.042 
90B8-BC5 BC Winter 85/86 -18.2 -17.9 -18.1 -- -- -- 0.033 
90B8-B6 B Summer 85 -19.8 -19.4 -19.6 -- -- -- 0.033 
90B8-BC6 BC Winter 84/85 -18.9 -19.3 -19.1 -- -- -- 0.046 
90B8-B7 B Summer 84 -20.0 -20.0 -20.0 -- -- -- 0.041 
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90B8-BC7 BC Winter 83/84 -18.3 -18.3 -18.3 -- -- -- 0.063 
90B8-B8 B Summer 83 -19.6 -19.6 -19.6 -- -- -- 0.057 
90B8-BC8 BC Winter 82/83 -18.3 -18.4 -18.4 -- -- -- 0.080 
90B8-B9 B Summer 82 -19.1 -19.1 -19.1 -- -- -- 0.045 
90B8-BC9 BC Winter 81/82 -18.5 -18.4 -18.5 -- -- -- 0.067 
90B8-B10 B Summer 81 -19.5 -19.5 -19.5 -- -- -- 0.068 
90B8-BC10 BC Winter 80/81 -18.3 -18.2 -18.3 -- -- -- 0.056 
90B8-B11 B Summer 80 -19.9 -19.9 -19.9 -- -- -- 0.043 
90B8-BC11 BC Winter 80/79 -17.5 -17.6 -17.6 -- -- -- 0.056 
90B8-B12 B Summer 79 -18.9 -18.8 -18.9 -- -- -- 0.045 
95B8-B1 B Summer 95 -19.8 -- -19.8 15.2 -- 15.2 0.002 
95B8-BC1 BC Winter 94/95 -19.1 -19.4 -19.2 13.5 14.6 14.0 0.010 
95B8-B2 B Summer 94 -21.0 -- -21.0 13.6 -- 13.6 0.004 
95B8-BC2 BC Winter 93/94 -19.2 -19.7 -19.4 13.7 15.1 14.4 0.010 
95B8-B3 B Summer 93 -20.1 -20.3 -20.2 13.0 13.8 13.4 0.009 
95B8-BC3 BC Winter 92/93 -18.1 -18.0 -18.0 16.5 16.4 16.5 0.008 
95B8-B4 B Summer 92 -20.4 -20.0 -20.2 13.9 13.4 13.7 0.010 
95B8-BC4 BC Winter 91/92 -17.8 -17.8 -17.8 16.7 16.5 16.6 0.005 
95B8-B5 B Summer 91 -19.5 -19.3 -19.4 13.4 13.1 13.3 0.014 
95B8-BC5 BC Winter 90/91 -18.3 -18.4 -18.3 15.9 15.3 15.6 0.011 
97B8-BC1 BC Winter 96/97 -18.4 -19.6 -19.0 13.7 14.4 14.0 0.004 
97B8-B1 B Summer 96 -19.1 -19.4 -19.3 14.1 13.8 13.9 0.003 
97B8-BC2 BC Winter 95/96 -18.6 -17.4 -16.8 15.5 14.5 15.0 0.004 
97B8-B2 B Summer 95 -18.4 -18.5 -18.4 12.8 13.2 13.0 0.002 
97B8-BC3 BC Winter 94/95 -19.9 -19.2 -19.6 13.4 13.8 13.6 0.002 
98KK1-BC1 BC Winter 97/98 -19.8 -19.5 -19.6 14.4 13.5 13.9 0.002 
98KK1-B1 B Summer 96/97 -20.9 -20.9 -15.8 13.2 13.6 13.4 0.003 
98KK1-BC2 BC Winter 95/96 -19.5 -19.1 -19.3 14.3 13.5 13.9 0.002 
98KK1-B2 B Summer 95 -20.0 -21.4 -20.7 13.2 12.3 12.8 0.003 
98KK1-BC3 BC Winter 95/96 -19.0 -17.4 -18.2 14.5 13.1 13.8 0.004 
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98KK1-B3 B Summer 93/94 -20.5 -20.3 -15.8 12.5 13.0 12.8 0.003 
98KK1-BC4 BC Winter 92/93 -19.9 -19.9 -19.9 14.6 13.5 14.0 0.005 
98KK1-B4 B Summer 91/92 -22.3 -22.5 -22.4 13.0 12.7 12.9 0.005 
98KK1-BC5 BC Winter 90/91 -19.4 -19.0 -19.2 14.6 13.7 14.1 0.003 
98KK1-B5 B Summer 90 -20.4 -20.2 -14.8 13.0 12.8 12.9 0.004 
98KK1-BC6 BC Winter 89/90 -18.5 -18.5 -18.5 15.4 15.3 15.4 0.004 
98KK1-B6 B Summer 89 -20.3 -20.7 -20.5 13.5 13.4 13.5 0.004 
98KK1-BC7 BC Winter 88/89 -18.6 -19.0 -18.8 15.3 15.3 15.3 0.005 
98KK1-B7 B Summer 88 -18.8 -22.1 -20.4 12.8 13.7 13.3 0.005 
98KK1-BC8 BC Winter 87/88 -18.0 -18.3 -14.8 15.7 16.0 15.8 0.007 
99KK1-B1 B Summer 99 -20.0 -19.8 -19.9 15.6 15.5 15.6 0.002 
99KK1-BC1 BC Winter 98/99 -19.8 -19.7 -19.8 14.9 15.2 15.1 0.002 
99KK1-B2 B Summer 98 -20.1 -20.3 -20.2 14.7 14.4 14.5 0.005 
99KK1-BC2 BC Winter 97/98 -19.2 -19.1 -19.1 16.4 16.3 16.3 0.002 
99KK1-B3 B Summer 97 -19.1 -19.2 -13.8 15.1 15.2 15.2 0.004 
99KK1-BC3 BC Winter 96/97 -19.4 -19.4 -19.4 15.4 15.5 15.4 0.003 
99KK1-B4 B Summer 96 -20.1 -19.9 -20.0 14.7 14.7 14.7 0.001 
99KK1-BC4 BC Winter 95/96 -18.6 -18.6 -18.6 15.1 14.9 15.0 0.001 
99KK1-B5 B Summer 95 -18.9 -19.0 -18.9 15.1 15.0 15.0 0.004 
99KK1-BC5 BC Winter 94/92 -18.2 -18.2 -18.2 14.4 14.5 14.4 0.002 
99KK1-B6 B Summer 92 -19.5 -19.5 -19.5 14.5 14.7 14.6 0.002 
99KK1-BC6 BC Winter 91/92 -18.1 -18.1 -18.1 14.9 15.1 15.0 0.002 
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Table 3. The range of concentrations (µg/g) in baleen per whale (n=148). N/D = Not detected (or under detection limit) 
 66B1 78B2 88B11 89B10L 90B8 95B8 97B8 98KK1 99KK1 
Al 10.9 - 65 16 - 67 33 - 320 25 - 110 32 - 210 200 - 1000 600 - 2000 400 - 2000 500 - 3000 
As 0.10 - 0.53 0.15 - 0.55 0.1 - 0.63 0.08 - 0.63 0.12 - 0.89 0.1 - 0.5 0.1 - 0.5 0.1 - 3 0.1 - 3 
Cd 0.029 - 1.0 N/D - 0.065 N/D - 1.2 0.0088 - 0.21 0.0082 - 0.84 0.02 - 2 0.1 - 10 0.01 - 0.6 0.04 - 1 
Co 0.020 - 0.783 0.01 - 0.08 0.02 - 2.2 0.01 - 0.85 0.00 - 0.51 0 - 7 0.2 - 20 0 - 3.2 0 - 2 
Cr 0.67 - 2.0 0.16 - 2.2 0.1 - 4.0 0.13 - 0.46 0.1 - 3.52 0.30 - 5 6 - 20 1 - 30 2 - 30 
Cu 42.8 - 4220 5.1 - 1900 4.6 - 390 4.9 - 15.0 3.1 - 170 6 - 30 20 - 30 10 - 60 10 - 400 
Fe 16.1 - 58.4 8.8 - 210 8.11 - 380 5.0 - 42 9.5 - 1100 16 - 7000 100 - 2000 0 - 40000 100 - 20000 
Hg 7.9 - 28.3 0.85 - 3.9 1.7 - 33 1.7 - 4.6 2.3 - 46.3 3.0 - 28 10 - 30 10 - 40 8 - 60 
Mn 0.25 - 0.699 0.26 - 1.7 0.19 - 30 0.25 - 0.78 0.21 - 25 0.44 - 80 1 - 10 0.6 - 100 2 - 200 
Ni 0.34 - 4.61 0.085 - 3.5 0.16 - 3.8 0.15 - 0.64 0.1 - 5.1 0.2 - 9 2 - 2 0.6 - 9 0.9 - 20 
Pb 0.560 - 3.2 0.58 - 2.13 0.171 - 13 0.38 - 5.09 0.2 - 15 1.1 - 100 5 - 500 0.9 - 9 1 - 20 
Se 2.3 - 4.0 1.6 - 3.5 1 - 3.8 2.1 - 3.0 0.9 - 3.8 N/D - 2 N/D - 0 N/D - 5 N/D - 20 
V 0.02 - 0.053 0.01 - 0.07 0.00 - 0.63 0.01 - 0.03 0.00 - 0.39 0.00 - 0.8 0.2 - 1 0.1 - 0.6 0.1 - 2 
Zn 206 - 290 200 - 240 110 - 1900 180 - 220 148 - 281 200 - 500 200 - 400 200 - 8000 200 - 1000 
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Table 4. Mean essential element concentrations ± standard deviation (µg/g) in baleen per whale in the Bering and Chukchi (white) and 
Beaufort seas (shaded) (n=148). N/D = Not detected (or under detection limit) 
 
Whale ID Co Cr Cu Fe Mn Ni Se Zn 
66B1 
0.1 ± 0.3 1.2 ± 0.35 1400 ± 1400 32 ± 14 0.45 ± 0.16 1.6 ± 1.7 3.1 ± 0.40 250 ± 25 
0.06 ± 0.07 0.92 ± 0.25 1400 ± 1400 23 ± 6.8 0.36 ± 0.066 1.6 ± 1.8 3.4 ± 0.44 230 ± 17 
78B2 
0.04 ± 0.04 3.9 ± 7.9 390 ± 850 55 ± 87 0.61 ± 0.61 0.85 ± 1.5 2.2 ± 0.39 230 ± 13 
0.02 ± 0.02 0.89 ± 0.90 240 ± 440 21 ± 13 0.37 ± 0.12 0.20 ± 0.08 3.2 ± 0.22 220 ± 20 
88B11 
0.07 ± 0.09 0.8 ± 0.6 50 ± 92 100 ± 100 3.2 ± 7 0.7 ± 0.6 2 ± 0.5 300 ± 40 
0.2 ± 0.5 0.80 ± 0.83 19 ± 40 55 ± 90 1.4 ± 2 0.74 ± 0.9 2 ± 0.5 320 ± 400 
89B10L 
0.02 ± 0.01 0.22 ± 0.043 6.7 ± 0.98 7.7 ± 2.5 0.29 ± 0.037 0.19 ± 0.048 2.3 ± 0.15 200 ± 0 
0.2 ± 0.4 0.26 ± 0.12 8.7 ± 3.89 19 ± 16.1 0.51 ± 0.3 0.34 ± 0.2 2.7 ± 0.3 198 ± 18 
90B8 
0.09 ± 0.1 0.54 ± 0.49 10 ± 6.3 1200 ± 500 2 ± 3 0.5 ± 0.6 2 ± 0.54 230 ± 29 
0.1 ± 0.2 1.2 ± 1 25 ± 50 610 ± 1000 4.4 ± 7.2 1 ± 1 1.9 ± 0.72 243 ± 21 
95B8 
0.07 ± 0.04 1.0 ± 0.5 8 ± 2 40 ± 20 0.9 ± 0.32 0.6 ± 0.3 1 ± 0 300 ± 71 
2 ± 3 2 ± 2 10 ± 11 1000 ± 3000 20 ± 35 2 ± 4 1 ± 0.5 300 ± 100 
97B8 
8 ± 10 6 ± 0 20 ± 6 100 ± 60 2 ± 0.6 2 ± 0 0 ± 0.3 300 ± 100 
0.2 ± 0.07 11 ± 8 20 ± 0 1000 ± 1000 6.5 ± 5 2 ± 0 N/D 300 ± 100 
98KK1 
0.2 ± 0.2 5 ± 4 20 ± 20 100 ± 200 2 ± 2 3 ± 3 0.4 ± 0.1 400 ± 200 
1 ± 1 6.9 ± 10 20 ± 7 6000 ± 15000 30 ± 40 3 ± 2 1 ± 0.8 1600 ± 3000 
99KK1 
0.3 ± 0.2 7 ± 3 100 ± 100 800 ± 700 9 ± 6 7 ± 4 1 ± 2 600 ± 200 
0.7 ± 0.8 20 ± 10 60 ± 40 9000 ± 8000 80 ± 100 8.9 ± 7 0 ± 0 660 ± 570 
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Table 5. Mean non-essential element concentrations ± standard deviation (µg/g) in baleen per whale in the Bering and Chukchi (white) 
and Beaufort seas (shaded) (n=148). N/D = Not detected (or under detection limit) 
 
Whale ID Al As Cd Hg Pb V  
66B1 
33 ± 18 0.27 ± 0.11 0.1 ± 0.32 13 ± 2.9 1.9 ± 0.88 0.04 ± 0.01  
26 ± 8.1 0.37 ± 0.14 0.049 ± 0.018 14 ± 7.2 1.23 ± 0.44 0.03 ± 0.01  
78B2 
34 ± 14 0.21 ± 0. 056 0.049 ± 0.012 2.1 ± 1.1 1.4 ± 0.67 0.02 ± 0.03  
33 ± 24 0.37 ± 0.13 0.023 ± 0. 0047 2.0 ± 1.1 1.2 ± 0.39 0.01 ± 0  
88B11 
200 ± 80 0.2 ± 0.09 0.07 ± 0.1 6 ± 5.8 2 ± 2 0.07 ± 0.2  
144 ± 79 0.3 ± 0.2 0.14 ± 0.3 5.4 ± 6.6 2.3 ± 3.7 0.06 ± 0.1  
89B10L 
33 ± 6 0.15 ± 0.08 0.016 ± 0.0073 2.7 ± 1.2 0.66 ± 0.43 0.02 ± 0.006  
52 ± 34 0.28 ± 0.20 0.057 ± 0.085 3.1 ± 1 1.56 ± 2 0.02 ± 0.006  
90B8 
76 ± 50 0.25 ± 0.079 0.03 ± 0.04 3.8 ± 1.2 0.98 ± 0.85 0.03 ± 0.03  
79 ± 30 0.37 ± 0.19 0.1 ± 0.25 7.1 ± 12 2.12 ± 4.21 0.07 ± 0.1  
95B8 
300 ± 100 0.2 ± 0.04 0.05 ± 0.02 5 ± 2 2 ± 3.5 0.05 ± 0.4  
500 ± 300 0.3 ± 0.1 0.5 ± 0.8 10 ± 10 20 ± 300 0.2 ± 0.1  
97B8 
1000 ± 700 0.2 ± 0.2 3.5 ± 6 20 ± 10 200 ± 270 0.5 ± 0.5  
900 ± 100 0.3 ± 0 0.1 ± 0.07 20 ± 0 8.4 ± 5.9 0.3 ± 0.1  
98KK1 
900 ± 500 0.2 ± 0.1 0.09 ± 0.07 20 ± 10 3 ± 3 0.2 ± 0.1  
800 ± 200 0.6 ± 1 0.2 ± 0.2 20 ± 6  3.2 ± 2 0.2 ± 0.2  
99KK1 
2000 ± 500 0.5 ± 0.1 0.2 ± 0.09 20 ± 10 8 ± 6 0.3 ± 0.06  
2000 ± 2000 1 ± 1 0.6 ± 0.8 30 ± 20 9 ± 12 0.7 ± 0.9  
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Table 6. Significant correlation coefficients between concentration and time (year) in the Bering/Chukchi seas (white) and Beaufort 
Sea (shaded). Negative values represent an inverse relationship between concentration and time, while positive coefficients indicate a 
direct relationship. Blank spaces represent non-significant correlations. ---- = omitted from correlation analysis due to insufficient 
sample size per location (n<5) 
 
Whale ID Al As Cd Co Cr Cu Fe Hg Mn Ni Pb Se V Zn 
66B1 0.59 0.89        0.67   -0.58 0.76 
 -0.56 0.90  -0.60    0.60  0.79  0.52   
78B2  0.79 -0.89 0.58 0.71 ---- ---- 0.94 ----   0.89 ---- 0.86 
 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 
88B11             -0.96  
  0.65             
89B10L ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 
 ---- ---- ---- ---- ---- ---- ---- 0.92  ---- ---- 0.66  0.78 
90B8  0.56     -0.59    0.56    
 0.62  0.54  -0.54        0.55  
95B8 -0.57  0.71 0.73 -0.73    -0.76      
 0.93 0.69 ---- ---- ---- ---- ---- ---- ---- ---- ---- -0.77  ---- 0.69 
97B8 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 
 ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 
98KK1   0.74     -0.47 0.93 0.62 -0.61 -0.56 0.79 0.50  
 0.64 0.83 0.55    0.79  0.58     0.52 
99KK1   0.57 0.67  ---- 0.76  0.81   0.73 0.53  
  ---- ---- -0.60   ----  0.61 0.45 0.58 -0.50   
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Table 7. Selenium and mercury concentrations (µg/g), molar selenium and mercury concentrations (µg/g), and the molar ratio of 
selenium to mercury for each sample. N/D = not detected. N/A = not available 
Sample ID Hg Se Molar Hg Molar Se Molar Ratio Se:Hg 
66B1-B1 15.7 3.53 0.0780 0.0447 0.573 
66B1-B2 8.74 3.9 0.0436 0.050 1.1 
66B1-B3 17.1 3.04 0.0851 0.0384 0.452 
66B1-B4 28.2 3.56 0.141 0.0451 0.321 
66B1-B5 10.2 2.8 0.0510 0.036 0.70 
66B1-B6 9.8 3.7 0.049 0.046 0.95 
66B1-B7 8.40 2.9 0.0419 0.037 0.89 
66B1-BC1 7.9 2.9 0.039 0.037 0.94 
66B1-BC2 10.6 3.49 0.0528 0.0442 0.837 
66B1-BC3 15 3.1 0.075 0.039 0.52 
66B1-BC4 15.5 2.9 0.0773 0.036 0.47 
66B1-BC5 11.5 3.57 0.0573 0.0452 0.790 
66B1-BC6 17.1 3.17 0.0850 0.0402 0.472 
66B1-BC7 12.5 3.2 0.0623 0.041 0.65 
66B1-BC8 13.1 2.3 0.0653 0.029 0.45 
78B2-B1 2.2 3.5 0.011 0.044 4.0 
78B2-B2 3.4 3.2 0.017 0.040 2.4 
78B2-B3 1.4 3.0 0.007 0.038 5.4 
78B2-B4 0.84 3.0 0.0042 0.039 9.2 
78B2-BC1 3.9 2.4 0.020 0.030 1.5 
78B2-BC2 2.3 2.6 0.012 0.034 2.9 
78B2-BC3 1.7 2.3 0.008 0.029 3.5 
78B2-BC4 1.5 2.0 0.008 0.026 3.4 
78B2-BC5 0.95 1.6 0.0047 0.020 4.2 
88B11-B1 4.8 1.7 0.024 0.021 0.9 
88B11-B10 4.6 2 0.020 0.03 1 
88B11-B11 5.1 2 0.016 0.030 1.9 
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88B11-B12 5.2 2 0.011 0.038 3.3 
88B11-B13 3.2 2.3 0.027 0.04 1 
88B11-B14 3.3 2.4 0.031 0.02 0.7 
88B11-B15 3.4 2.2 0.024 0.027 1.2 
88B11-B16 3.4 2.9 0.019 0.030 1.6 
88B11-B17 2.9 2.9 0.023 0.02 0.9 
88B11-B18 1.7 3.8 0.023 0.03 1 
88B11-B19 3.5 2.9 0.026 0.03 1 
88B11-B2 4.0 2 0.026 0.02 0.9 
88B11-B20 33 3 0.016 0.029 1.8 
88B11-B3 3.2 2.4 0.017 0.030 1.8 
88B11-B4 2.3 3.0 0.017 0.028 1.6 
88B11-B5 5.3 3 0.017 0.036 2.1 
88B11-B6 6.2 2 0.015 0.036 2.5 
88B11-B7 4.7 2.2 0.008 0.049 5.8 
88B11-B8 3.8 2.4 0.017 0.037 2.1 
88B11-B9 4.6 2 0.16 0.03 0.2 
88B11-BC1 3.2 1.7 0.016 0.022 1.4 
88B11-BC10 3.5 2.2 0.019 0.02 1 
88B11-BC11 3.9 2 0.013 0.03 2 
88B11-BC12 12 2 0.024 0.02 0.8 
88B11-BC13 3.0 2 0.033 0.01 0.4 
88B11-BC14 2.4 2.2 0.031 0.02 0.7 
88B11-BC15 5.0 1 0.019 0.025 1.4 
88B11-BC16 2.3 2.5 0.029 0.03 0.9 
88B11-BC17 3.0 2.3 0.015 0.03 2 
88B11-BC18 2.8 2.5 0.017 0.027 1.6 
88B11-BC19 14 2.4 0.019 0.02 1 
88B11-BC2 3.8 2 0.062 0.02 0.4 
88B11-BC20 27 2.3 0.015 0.03 2 
88B11-BC3 2.7 2 0.012 0.028 2.4 
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88B11-BC4 4.9 1 0.025 0.02 0.7 
88B11-BC5 6.5 1 0.011 0.031 2.8 
88B11-BC6 6.3 2 0.015 0.029 2.0 
88B11-BC7 3.7 2.0 0.014 0.032 2.3 
88B11-BC8 5.9 2 0.068 0.030 0.45 
88B11-BC9 3.1 2 0.13 0.030 0.22 
89B10L-B1 4.5 2.7 0.022 0.034 1.5 
89B10L-B2 4.6 3.0 0.023 0.038 1.7 
89B10L-B3 2.8 2.7 0.014 0.035 2.5 
89B10L-B4 1.7 2.8 0.009 0.035 4.1 
89B10L-B5 1.9 2.0 0.009 0.026 2.7 
89B10L-BC1 4.5 2.4 0.022 0.031 1.4 
89B10L-BC2 2.6 2.2 0.013 0.028 2.2 
89B10L-BC3 2.0 2.4 0.010 0.031 3.1 
89B10L-BC4 1.9 2.1 0.010 0.026 2.7 
90B8-B1 3.2 1.3 0.016 0.017 1.0 
90B8-B10 4.5 3.8 0.021 0.021 1.0 
90B8-B11 3.5 1.6 0.017 0.017 1.0 
90B8-B12 46.3 1.3 0.013 0.017 1.3 
90B8-B2 4.3 1.7 0.016 0.027 1.7 
90B8-B3 3.3 1.3 0.022 0.022 1.0 
90B8-B4 2.7 1.3 0.017 0.027 1.5 
90B8-B5 3.2 2.1 0.018 0.028 1.6 
90B8-B6 4.4 1.7 0.012 0.031 2.6 
90B8-B7 3.5 2.1 0.022 0.048 2.2 
90B8-B8 3.6 2.2 0.018 0.021 1.2 
90B8-B9 2.4 2.4 0.231 0.016 0.071 
90B8-BC1 5.3 1.6 0.026 0.020 0.75 
90B8-BC10 3.2 2.8 0.015 0.018 1.2 
90B8-BC11 2.6 1.4 0.022 0.012 0.55 
90B8-BC2 3.0 1.4 0.013 0.028 2.1 
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90B8-BC3 4.5 0.97 0.020 0.027 1.3 
90B8-BC4 2.6 2.2 0.019 0.023 1.2 
90B8-BC5 4.1 2.1 0.031 0.029 0.93 
90B8-BC6 3.8 1.8 0.019 0.025 1.3 
90B8-BC7 6.3 2.3 0.014 0.028 2.0 
90B8-BC8 3.8 2.0 0.016 0.036 2.2 
90B8-BC9 2.8 2.2 0.013 0.017 1.4 
95B8-B1 28 N/D 0.14 NA NA 
95B8-B2 14 1 0.070 0.01 0.2 
95B8-B3 4 2 0.02 0.02 1 
95B8-B4 2 1 0.01 0.02 2 
95B8-B5 4.0 2 0.020 0.02 1 
95B8-BC1 3 1 0.0 0.01 0.9 
95B8-BC2 4 1 0.0 0.01 0.6 
95B8-BC3 8.1 1 0.040 0.01 0.3 
95B8-BC4 7 1 0.03 0.01 0.4 
95B8-BC5 4 1 0.02 0.02 1 
97B8-B1 15 N/D 0.07 NA NA 
97B8-B2 20 N/D 0.10 NA NA 
97B8-BC1 16 0.3 0.082 0.004 0.05 
97B8-BC2 16 N/D 0.079 NA NA 
97B8-BC3 28 1 0.14 0.01 0.09 
98KK1-B1 27 2 0.13 0.02 0.1 
98KK1-B2 10 0.2 0.050 0.003 0.05 
98KK1-B3 34 1 0.17 0.02 0.1 
98KK1-B4 25 1 0.12 0.01 0.1 
98KK1-B5 18 0.4 0.088 0.004 0.05 
98KK1-B6 25 0.8 0.12 0.01 0.09 
98KK1-B7 15 1 0.075 0.02 0.2 
98KK1-BC1 40 0.7 0.20 0.008 0.04 
98KK1-BC2 33  0.16 NA NA 
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98KK1-BC3 30 0.9 0.15 0.01 0.08 
98KK1-BC4 20 0.5 0.10 0.006 0.06 
98KK1-BC5 30 0.7 0.15 0.009 0.06 
98KK1-BC6 21 0.5 0.11 0.006 0.06 
98KK1-BC7 10 0.6 0.051 0.007 0.1 
98KK1-BC8 10 0.7 0.052 0.009 0.2 
99KK1-B1 30 N/D 0.15 NA NA 
99KK1-B2 9.7 0.5 0.048 0.006 0.1 
99KK1-B3 10 0.6 0.050 0.007 0.1 
99KK1-B4 60 N/D 0.30 NA NA 
99KK1-B5 10 0.5 0.050 0.006 0.1 
99KK1-B6 35 N/D 0.17 NA NA 
99KK1-BC1 8 N/D 0.04 NA NA 
99KK1-BC2 26 N/D 0.13 NA NA 
99KK1-BC3 21 0.7 0.10 0.008 0.08 
99KK1-BC4 30 0.7 0.15 0.009 0.06 
99KK1-BC5 30 2 0.15 0.03 0.2 
99KK1-BC6 10 0.8 0.052 0.01 0.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 50 
 
 
References 
Alvarez M D C, Murphy C A, Rose K A, McCarthy I D, Fuiman L A (2006) Maternal body  
burdens of methylmercury impair survival skills of offspring in Atlantic croaker 
(Micropogonias undulatus). Aquat Toxicol 80:329-337. 
https://doi.org/10.1016/j.aquatox.2006.09.010 
 
Athey J E, Harbo L A, Lasley P S, Freeman L K (2013) Alaska’s mineral industry 2012 report.  
Alaska Division of Geological & Geophysical Surveys, Alaska. doi.org/10.14509/25621 
 
ATSDR (Agency for Toxic Substances and Disease Registry) (2008) Toxicological profile for  
aluminum. U.S. Department of Health and Human Services  
 
Bard S M (1999) Global transport of anthropogenic contaminants and the consequences for the  
Arctic marine ecosystem. Mar Pollut Bull 5:356-379.  
doi.org/10.1016/S0025-326X(99)00041-7 
 
de Baar M J W, de Jong J T M (2001) Distribution, sources and sinks of iron in seawater, in:  
Turner D R, Hunter K A (eds) The biogeochemistry of iron in seawater. Wiley, New 
York, NY, pp 123-253 
 
Banat F, Al-Asheh S, Al-Rousan D (2002) Comparison between different keratin-composed 
biosorbents for the removal of heavy metal ions from aqueous solutions. Adsorpt Sci 
Technol 20:393-416. doi.org/10.1260/02636170260295579 
 
Barrie L A, Gregor D, Hargrave B, Lake R, Muir D, Shearer R, Tracey B, Bidleman T (1992)  
Arctic contaminants: Sources, occurrence and pathways. Sci Tot Environ 1-2:1-74.  
doi.org/10.1016/0048-9697(92)90245-N 
 
Becker P R (2000) Concentration of chlorinated hydrocarbons and heavy metals in Alaska arctic  
marine mammals. Mar Pollut Bull 40:819-829. doi.org/10.1016/S0025-326X(00)00076X 
 
Becker P R, Mackey E A, Demiralp R, Koster B J, Wise S A (1997) Establishing  
baseline levels of elements in marine mammals through analysis of banked liver tissues.  
Environmental Monitoring and Specimen Banking, ACS Symposium Series 654. 
American Chemical Society, Washington, D.C. doi.org/10.1021/bk-1997-0654.ch023 
 
Berry M J, Ralston N V C (2008) Mercury toxicity and the mitigating role of selenium.  
EcoHealth 5:456-459.  
 
Boesch D F, Rabalais N N (2003) An assessment of the long-term environmental effects of U.S.  
offshore oil and gas development activities: Future research needs. In: Boesch D F,  
Rabalais N N (eds) Long-term Environmental Effects of Offshore Oil and Gas  
Development. Elsevier Applied Science, USA, pp 1-54 
 
Bohn A, McElroy R O (1976) Trace Metals (As, Cd, Cu, Fe, and Zn) in Arctic cod, Boreogadus  
saida, and selected zooplankton from Strathcona Sound, Northern Baffin Island. J Fish  
 51 
 
 
Res Board Can 33:2836-2840. 
 
Braham H W (1984) The bowhead whale, Balaena mysticetus. Mar Fish Rev 46:45-53. 
 
Bratton G R, Spainhour C B, Flory W, Reed M, Jayko J (1993) Presence and potential effects of 
contaminants, in: Burns J J, Montague J J, Cowles C J (eds) The bowhead whale. Allen Press,  
Lawrence, KS, pp 701-744  
 
Broussely M, Biensan P, Simon B (1999) Lithium insertion into host materials: The key to  
success for Li ion batteries. Electrochim Acta 1-2:3-22. 
https://doi.org/10.1016/S00134686(99)00189-9 
 
Byrne (1985) Concentrations of trace metals in the bowhead whale. Mar Pollut Bull 16:497-498. 
 
Caceres-Saez I, Dellabianca N A, Goodall R N, Cappozzo H L, Guevara S R (2013) Mercury  
and selenium in subantarctic Commerson’s dolphins (Cephalorhynchus c. commersonii). 
Biol Trace Elem Res 151:195-208. 
 
Campbell L M, Norstrom R J, Hobson K A, Muir D C G, Backus S, Fisk A T (2005) Mercury  
and other trace elements in a pelagic Arctic marine food web (Northwater Polynya, 
Baffin Bay). Sci Tot Environ 351-352:247-263 
 
Cempel M, Nikel G (2006) Nickel: A review of its sources and environmental toxicology. Pol J  
Environ Stud 15:375-382. 
 
Clarke S E, Stuart J, Sanders-Loehr J (1987) Induction of siderophore activity in Anabaena spp.  
and its moderation of copper toxicity. Appl. Environ. Microbiol. 53:917–922. 
 
Coale K H (1991) Effects of iron, manganese, copper, and zinc enrichments on productivity and  
biomass in the subarctic Pacific. Limnol Oceanogr 8:1851-1864. 
https://doi.org/10.4319/lo.1991.36.8.1851 
 
Congressional Research Service (2020) Changes in the Arctic: Background and issues for  
congress. CRS Report R41153 
 
Crawford K, McDonald R A, Bearhop S (2008) Applications of stable isotope techniques to the  
ecology of mammals. Mammal Rev 1:87-107. https://doi:10.1111/j.1365- 
2907.2008.00120.x 
 
Cuvin-Aralar M L A, Furness R W (1990) Tissue distribution of mercury and selenium in  
minnows (Phoxinus phoxinus). Bull Environ Contam Toxicol 45:775-782. 
 
Danus B, Wantier P, Flammang R, Pernet P H, Chambost-Manciet Y, Coteur G, Warnaum M, 
Dubois P H (2006) Bioaccumulation and effects of PCBs and heavy metals in sea stars 
(Asterias rubens, L.) from the North Sea: A small scale perspective. Sci Tot Environ 356: 
275-289. https://doi:10.1016/j.scitotenv.2005.05.029 
 52 
 
 
 
Das K, Debacker V, Pillet S, Bouquegneau J M (2003) Heavy metals in marine mammals. In:  
Vos J G, Bossart G D, Fournier M, O’Shea T J (eds) Toxicology of marine mammals.  
CRC Press, London, England. https://doi.org/10.1201/9780203165577.ch7 
 
Dehn L A, Follmann E H, Rosa C, Duffy L K, Thomas D L, Bratton G R, Taylor R J, O’Hara T 
M (2006) Stable isotope and trace element status of subsistence-hunted bowhead and 
beluga whales in Alaska and gray whales in Chukotka. Mar Pollut Bull 52:301-319. 
https://doi.org/10.1016/j.marpolbul.2005.09.001 
 
Demirbas A (2005) Potential applications of renewable energy sources, biomass combustion 
problems in boiler power systems and combustion related environmental issues. Prog 
Energy Combust Sci 31:171-192. https://doi.org/10.1016/j.pecs.2005.02.002 
 
Dietz R, Norgaard J, Hansen J C (1998) Have arctic mammals adapted to high cadmium levels?  
Mar Pollut Bull 36:490-492. https://doi.org/10.1016/S0025-326X(98)00045-9 
 
Eisler R (1988) Lead hazards to fish, wildlife, and invertebrates: A synoptic review. U.S. Fish  
and Wildlife Service Biological Report 85(1.14). U.S. Fish and Wildlife Service, Laurel, 
Maryland 
 
Elinder C-G, Friberg L (1986) Cobalt. In: L Friberg, G F Nordberg, V B Vouk (eds) Handbook  
on the toxicology of metals, 4th edn. Elsevier/North-Holland Biomedical Press, 
Amsterdam, pp 211–232. 
 
Farquharson L M, Mann D H, Swanson D K, Jones B M, Buzard R M, Jordan J W (2018)  
Temporal and spatial variability in coastline response to declining sea-ice in northwest 
Alaska. Mar Geol 404:71-83. https://doi.org/10.1016/j.margeo.2018.07.007 
 
Forbes R M, Sanderson G C (1978) Lead toxicity in domestic animals and wildlife. The 
Biogeochemistry of Lead in the Environment. Part B. Biological Effects, Elsevier/North 
Holland Biomedical Press, Amsterdam, pp 225-227 
 
García-Alvarez N, Fernandez A, Boada L D, Zumbado M, Zaccaroni A, Arbelo M, Sierra E,  
Almunia J, Luzardo O P (2015) Mercury and selenium status of bottlenose dolphins 
(Tursiops truncatus): A study in stranded animals on the Canary Islands. Sci Tot Environ 
1:489-498. https://doi.org/10.1016/j.scitotenv.2015.07.040 
Gehlen M, Beck L, Calas G, Flank A-M, Van Bennokom A J, Van Beusekom J E E (2002)  
Unraveling the atomimc structure of biogenic silica: Evidence of the structural 
association of Al and Se in diatom frustules. Geochim Coshmochim Acta 9:1601-1609 
 
GESAMP (1988) Arsenic, mercury and selenium in the marine environment. GESAMP Reports  
and Studies No. 28. UNEP Regional Seas Reports and Studies No. 92. USA 
 
Habran S, Debier C, Crocker D E, Houser D S, Das K (2011) Blood dynamics of mercury and  
 53 
 
 
selenium in northern elephant seals during the lactation period. Environ Pollut 10:2523-
2529. https://doi.org/10.1016/j.envpol.2011.06.019 
 
Hammond P B, Beliles R P (1980) Metals. In: Doull J, Klaassen C D, Amdur M O (eds)  
Casareet and Doull’s toxicology: The basic science of poisons. Macmillan, New York, 
NY, pp 409-467 
 
Hazard K, Lowry L F (1984) Benthic prey of a bowhead whale from the northern Bering Sea. 
Arctic 37:166-168. 
 
Heath A G (1987) Water pollution and fish physiology. CRC Press, Boca Raton, FL, pp 245 
 
Hobson K A, Schell D M (1998) Stable carbon and nitrogen isotope patterns in baleen from  
eastern Arctic bowhead whales (Balaena mysticetus). Can J Fish Aquat Sci 12:2601- 
2607. https://doi.org/10.1139/f98-142 
 
Honda K, Tatsukawa R, Itano K, Miyazaki N, Fujiyama T (1983) Heavy metal concentration in  
muscle, liver, and kidney tissue of striped dolphin, Stenella coeruleoalba, and their 
variations with body length, weight, age and sex. Agric Biol Chem 47:1219-1228. 
 
Howe P D, Malcolm H M, Dobson S (2004) Manganese and its compounds: Environmental  
aspects. Concise International Chemical Assessment Document 63. World Health  
Organization.  
 
IWC (International Whaling Commission) (2019) Whaling. https://iwc.int/whaling (Accessed  
10/21/2019) 
 
Jakismka A, Konieczka P, Skóra K, Namieśnik J (2011) Bioaccumulation of metals in tissues of   
marine animals, part I: The role and impact of heavy metals on organisms. Pol J Environ 
Stud 20:1117-1125. 
 
Kar S, Misra M (2004) Use of keratin fiber for separation of heavy metals from water. J Chem  
Technol Biot 79:1313-1319. https://doi.org/10.1002/jctb.1132 
 
Keane M, Semeiks J, Webb A E, Li Y I, Quesada V, Craig T, Madsen L B, van Dam S, Brawand  
D, Marques P I, Michalak P, Kang L, Bhak J, Yim H-S, Grishin N V, Nielson N H, 
Heide-Jorgensen M P, Oziolor E M, de Magalhaes J P (2015) Insights into the evolution 
of longevity from the bowhead whale genome. Cell Rep 10:112-122. 
https://doi.org/10.1016/j.celrep.2014.12.008 
 
Khamkhash A, Srivastava V, Ghosh T, Akdogan G, Ganguli R, Aggarwal S (2017) Mining- 
related selenium contamination in Alaska, and the state of current knowledge. Minerals 
7:46. https://doi.org/10.3390/min7030046 
 
Koelman J H, Peeters W H M, Koudstaal-Hol C H M (1973) Mercury-selenium correlations in  
marine mammals. Nature 245:385–386. 
 54 
 
 
 
Koski W R, Davis R A, Miller G W, Withrow D E (1993) Reproduction. In: Burns J J, 
Montague J J, Cowles C J (eds) The bowhead whale. Allen Press, Lawrence, KS, pp 201-
238 
 
Krone C A, Robisch P A, Tilbury K L, Stein J E (1999) Elements in liver tissues of  
bowhead whales (Balaena mysticetus). Mar Mamm Sci 15:123-142. 
https://doi.org/10.1111/j.1748-7692.1999.tb00785.x 
 
Lakin H W, Davidson D F (1967) The relation of the geochemistry of selenium to its occurrence  
in soils. In: Muth O H (ed) Selenium in biomedicine. Avi Publishing Co., Westport, CT. 
 
Lambertsen R H, Rasmussen K J, Lancaster W C, Hintz R J (2005) Functional morphology 
of the mouth of the bowhead whale and its implications for conservation. J Mammal 
86:342-352. https://doi.org/10.1644/BER-123.1 
 
Lavery T J, Kemper C M, Sanderson K, Schultz C G, Coyle P, Mitchell J G, Seuront L (2009)  
Heavy metal toxicity of kidney and bone tissues in South Australian adult bottlenose 
dolphins (Tursiops aduncus). Mar Environ Res 67:1-7. 
https://doi.org/10.1016/j.marenvres.2008.09.005 
 
Leatherwood S, Reeves R R, Foster L (1983) The Sierra Club Handbook of Whales and  
Dolphins. Sierra Club Books, San Fransisco, CA, pp 1–302 
 
Lee S H, Schell D M, Mcdonald T L, Richardson W J (2005) Regional and seasonal feeding by  
bowhead whales Balaena mysticetus as indicated by stable isotopes. Mar Ecol Prog Ser 
285:271-287. https://doi.org/10.3354/meps285271 
 
Lowry L F (1993) Foods and feeding ecology. In: Burns J J, Montague J J, Cowles C J (eds)  
The bowhead whale. Allen Press, Lawrence, KS, pp 201-238  
 
Lowry L F, Burns J J (1980) Foods utilized by bowhead whales near Barter Island, Alaska, 
Autumn 1979. Mar Fish Rev 42:88-91. 
 
Lubetkin S C, Zeh J E, Rosa C, George J C (2008) Age estimation for young bowhead 
whales (Balaena mysticetus) using annual baleen growth increments. J Zool 86:525-538. 
https://doi.org/10.1139/Z08-028 
 
Macdonald R W, Barrie L A, Bidleman T F, Diamond M L, Gregor D J, Semkin R G, Strachan  
W M J, Li Y F, Wania F, Alaee M, Alexeeva, L B, Backus, S M, Bailey R, Brewers J M, 
Gobeil C, Halsall C J, Harner T, Hoff J T, Jantunen L M M, Lockhart W L, Mackay D, 
Muir D C G, Pudykiewicz J, Reimer, K J, Smith J N, Stern G A, Schroeder W H, 
Wagemann R, Yunker M B (2000) Contaminants in the Canadian Arctic: 5 years of 
progress in understanding sources, occurrence and pathways. Sci Tot Environ 254:93-
234. https://doi.org/10.1016/S0048-9697(00)00434-4 
 
 55 
 
 
Mackey E A, Becker P R, Demiralp R, Greenberg R R, Koster B J, Wise S A (1996)  
Bioaccumulation of vanadium and other trace metals in livers of Alaskan cetaceans and 
pinnipeds. Arch Environ Contam Toxicol 30:503-512.  
https://doi.org/10.1007/s002449900069 
 
Maki A W (1992) Of measured risks: The environmental impacts of the Prudhoe Bay, Alaska, 
oil field. Environ Toxicol Chem 11: 1691-1707. https://doi.org/10.1002/etc.5620111204 
 
Mayo C A, Marx M K (1990) Surface foraging behavior of the North Atlantic right whale, 
Eubalaena glacialis, and associated zooplankton characteristics. Can J Zool 68:2214-
2220. https://doi.org/10.1139/z90-308 
 
McConnell J R, Edwards R (2008) Coal burning leaves toxic heavy metal legacy in the Arctic.  
PNAS 105:12140-12144. https://doi.org/10.1073/pnas.0803564105 
 
McLean E O (1976) Chemistry of soil aluminum. Commun Soil Sci Plan 7:619-636.  
https://doi.org/10.1080/00103627609366672 
 
Merritt R D (1986) Chronicle of Alaska coal-mining history. Alaska Division of Geological &  
Geophysical Surveys Public Data File 86-88. Alaska Division of Geological & 
Geophysical Surveys 
 
Miller L D, Goldfarb R J (1997) Mineral deposits of Alaska preface. In: Economic geology  
monograph series: Mineral deposits of Alaska vol 9. Society of Economic Geologists.  
 
Mocklin J A (2009) Evidence of bowhead whale feeding behavior from aerial photography. 
AFSC Processed Report 2009-06. Alaska Fisheries Science Center, National Marine 
Fisheries Service, NOAA 
 
Moore S E, Reeves R R (1993) Distribution and movement. In: Burns J J, Montague J J, Cowles 
C J (eds) The bowhead whale. Allen Press, Lawrence, KS, pp 787 
 
Naidu A S, Blanchard A, Kelley J J, Goering J J, Hameedi M J, Baskaran M (1997) Heavy 
metals in Chukchi Sea sediments as compared to selected circum-Arctic shelves.  
Mar Pollut Bull 35:260-269. https://doi.org/10.1016/S0025-326X(96)00154-3 
 
Nayak P (2002) Aluminum: Impacts and disease. Environ Res 89:101-115.  
https://doi.org/10.1006/enrs.2002.4352 
 
Nazarenko L, Sou T, Eby M, Holloway G (1997) The Arctic ocean-ice system studied by 
contamination modelling. Ann Glaciol 25:17-21. 
 
Nicolaisen K, Hahn A, Valdebenito M, Moslavac S, Samborski A, Maldener I, Wilken C,  
Valladares A, Flores E, Hantke K, Schleiff E (2010) The interplay between siderophore 
secretion and coupled iron and copper transport in the heterocyst-forming 
 56 
 
 
cyanobacterium Anabaena sp. PCC 7120. Biochim Biophys Acta 1798:2131–2140. 
https://doi.org/10.1016/j.bbamem.2010.07.008 
 
Nishiwaki M, Kasuya T (1970) A Greenland right whale caught at Osaka Bay. Scientific Report  
Of the Whales Research Institute Report 22. Whales Research Institute 
 
Noel M, Jeffries S, Lambourn D, Telmer K, Macdonald R, Ross P (2016) Mercury accumulation  
in harbor seals from the northeastern Pacific Ocean: The role of 
transplacental transfer, lactation, age and location. Arch Environ Contam Toxicol. 70, 56- 
66. https://doi.org/10.1007/s00244-015-0193-0 
 
O’Hara T, Hanns C, Bratton G, Taylor R, Woshner V (2006) Essential and non-essential 
elements in eight tissue types from subsistence hunted bowhead whale: Nutritional and 
toxicological assessment. Int J Circumpolar Health 65:228-242. 
 
O’Hara TM, George JC, Tarpley RJ, Burek K, Sudam RS (2002) Sexual maturation in 
male bowhead whales (Balaena mysticetus) of the Bering-Chukchi-Beaufort Seas stock. J 
Cetacean Res Manag 4:143-148. 
 
O’Hara T, Hoekstra P, Rosa C, Dehn L, Muir D, Woshner V, Wise J, Ylitalo G, Wetzel D,  
Bratton G (1993) Bowhead whale contaminants: A review of current state of knowledge  
and possible future research directions.  
 
Orions K J, Bruland K W (1986) The biogeochemistry of aluminum in the Pacific Ocean. Earth  
Plant Sc Lett 78:397-410 
 
Osuji L C, Onojake C M (2004) Trace heavy metals associated with crude oil: A case study of  
Ebocha-8 oil-spill-polluted site in Niger Delta, Nigeria. Chem Biodivers 11:1708-1715. 
https://doi.org/10.1002/cbdv.200490129 
 
Overland J E, Wang M, Bond N A (2002) Recent temperature changes in the Western Arctic  
during spring. J Climate 15:1702-1716. 
 
Painter E P (1941) The chemistry and toxicity of selenium compounds, with special reference to  
the selenium problem. Chem Rev 28:179-213. 
 
Peers G, Quesnel S-A, Price N M (2005) Copper requirements for iron acquisition and growth of  
coastal and oceanic diatoms. Limnol Oceanogr 4:1149-1158. 
https://doi.org/10.4319/lo.2005.50.4.1149 
 
Pfirman S, Eicken H, Bauch D, Weeks W (1995a) Potential transport of pollutants by Arctic sea  
ice. Sci Tot Environ 159:29-146. https://doi.org/10.1016/0048-9697(95)04174-Y 
 
Pfirman S, Kogeler J, Anselme B (1995b) Coastal environments of the western Kara and eastern  
Barents Seas. Deep Sea Res 42:1391-1412. https://doi.org/10.1016/09670645(95)00047-     
            X 
 57 
 
 
 
Pivorunas A (1979) The feeding mechanisms of baleen whales. American Scientist 67:432-440. 
 
Pomerleau C, Matthews C J D, Gobell C, Stern G A, Ferguson S H, Macdonald R W (2018) 
Mercury and stable isotope cycles in baleen plates are consistent with year-round feeding 
in two bowhead whale (Balaena mysticetus) populations. Polar Biol 1-13. 
https://doi.org/10.1007/s00300-018-2329-y 
 
Raven J A, Evans M C W, Korb R E (1999) The role of trace metals in photosynthetic electron  
transport in O2-evolving organisms. Photosynth Res 60:111–150. 
https://doi.org/10.1023/A:1006282714942 
 
Reijnders P J H (1986) Reproductive failure in common seals feeding on fish from polluted 
coastal waters. Nature 324:456-457. https://doi.org/10.1038/324456a0 
 
Rieuwerts J (2015) The elements of environmental pollution. Routledge, New York, NY pp 1- 
43 
 
Rosa C, Blake J E, Bratton G R, Dehn L-A, Gray M J, O’Hara T M (2008) Heavy metal and 
mineral concentrations and their relationship to histopathological findings in the bowhead 
whale (Balaena mysticetus). Sci Tot Environ 399:165-178. 
https://doi.org/10.1016/j.scitotenv.2008.01.062 
 
Rosa C, George J C, Zeh J, Botta O, Zauscher M, Bada J, O’Hara T M (2004) Update on age 
estimation of the bowhead whales (Balaena mysticetus) using aspartic acid racemization. 
Presented to the 56th International Whaling Commission SC/56/BRG6 
 
Rydberg J, Klaminder J, Rosen P, Bindler R (2010) Climate driven release of carbon 
and mercury from permafrost mires increases mercury loading to sub-arctic lakes. Sci Tot 
Environ 408:4778-4783. https://doi.org/10.1016/j.scitotenv.2010.06.056 
 
Sakshaug E (2004) Primary and secondary production in the Arctic seas. In: Stein R, Macdonald  
R W (eds) The organic carbon cycle in the Arctic Ocean. Springer, New York, NY 
 
Salomon E, Keren N (2015) Acclimation to environmentally relevant Mn concentrations rescues  
a cyanobacterium from the detrimental effects of iron limitation. Environ Microbiol 17:  
2090–2098. https://doi.org/10.1111/1462-2920.12826 
 
Sanderson S L, Wassersug R (1993) Convergent and alternative designs for vertebrate 
suspension feeding. In: Hanken J, Ball B K (eds) The skull. University of Chicago 
Press, Chicago, IL, pp 37-112 
 
Scammon C M (1969) The marine mammals of the northwestern coast of North America and 
the American whale fishery (reprint of 1874 edition). Manessier Publishing Co., 
Riverside, CA, pp 1-319 
 
 58 
 
 
Schell D M (2000) Declining carrying capacity in the Bering Sea: Isotopic evidence from whale 
baleen. Limonol Oceanogr Lett 45:459-462. https://doi.org/10.4319/lo.2000.45.2.0459 
 
Schell D M (1992) Stable isotope analysis of 1987-1991 zooplankton samples and bowhead   
whale tissues. Final report. University of Alaska Fairbanks, Institute of Marine Science,  
United States 
 
Schell D M, Saupe S M, Haubenstock N (1989a) Bowhead whale (Balaena mysticetus) growth  
and feeding as estimated by del 13C techniques. J Mar Biol 103:433-443.  
https://doi.org/10.1007/BF00399575 
 
Schell D M, Saupe, S.M., Haubenstock, N. (1989b) Natural isotope abundances in bowhead  
whale (Balaena mysticetus) baleen: Markers of aging and habitat usage. In: Rundel P W, 
Ehleringer J R, Nagy K A (eds) Stable isotopes in ecological research. Ecological Studies 
(Analysis and Synthesis) vol 68. Springer, New York, NY. 
 
Schoffman H, Lis H, Shaked Y, Keren N (2016) Iron-nutrient interactions within phytoplankton.  
Front Plant Sci 7:1223. https://doi.org/10.3389/fpls.2016.01223 
 
Schuster P F, Schaefer K M, Aiken G R, Antweiler R C, Dewild J F, Gryziec J D, Gusmeroli A,  
Hugelius G, Jafarov E, Krabbenhoft D P, Liu L, Herman-Mercer N, Mu C, Roth D A, 
Schaefer T, Striegl R G, Wickland K P, Zhang T (2018) Prmafrost stores a globally 
significant amount of mercury. Geophys Res Let 45:1463-1471. 
https://doi.org/10.1002/2017GL075571 
 
Sharma B, Singh S, Siddiqi N J (2014) Biomedical implications of heavy metals induced 
imbalances in redox systems. BioMed Res Int 2014: 640754.  
https://doi.org/10.1155/2014/640754 
 
Sharon S, Salomon E, Kranzler C, Lis H, Lehmann R, Georg J, Zer H, Hess W R, Keren N  
(2014) The hierarchy of transition metal homeostasis: iron controls manganese 
accumulation in a unicellular cyanobacterium. Biochim Biophys Acta 1837:1990–1997. 
https://doi.org/10.1016/j.bbabio.2014.09.007 
 
Slijper E J (1962) Whales. Basic Books, New York, NY 
 
St. Aubin D J, Stinson R G, Geraci J R (1984) Aspects of the structure and composition of 
baleen, and some effects of exposure to petroleum hydrocarbons. Can J Zool 62:193-198. 
https://doi.org/10.1139/z84-032 
 
Swart R L de, Ross P S, Vos J G, Osterhaus A D M E (1996) Impaired immunity in harbor seals  
(Phoca vitulina) fed environmentally contaminated herring. Vet Quart 3:127-128. 
https://doi.org/10.1080/01652176.1996.9694711 
 
 
 
 59 
 
 
Szewciw L J, de Kerckhove D G, Grime G W, Fudge D S (2010) Calcification provides  
mechanical reinforcement to whale baleen α-keratin. Proc R Soc Lond B Biol Sci. 
277:2597-2605. https://doi.org/10.1098/rspb.2010.0399 
 
Tchounwou P B, Yedjou C G, Patlolla A K, Sutton D J (2012) Heavy metal toxicity and the  
environment. Molecular, Clinical and Environmental Toxicology 101:133-164. 
https://doi.org/10.1007/978-3-7643-8340-4_6 
 
Terwiliger N B (2015) Oxygen transport proteins in crustacea: Hemocyanin and hemoglobin. In:  
Chang E S, Thiel M (eds) Physiology vol 4. Oxford University Press, New York, NY  
pp 359-361 
 
Thomson D H (1987) Energetics of bowheads. In: Richardson W J (eds) Importance  
of the eastern Alaskan Beaufort Sea to feeding bowhead whales. Final report to the US 
Minerals Management Service PB88-150271/AF. National Technical Information 
Service 
 
Tilbury K L, Stein J E, Krone C A, Brownell R J Jr., Blokhin S A, Bolton J L, Ernest D W  
(2002) Chemical contaminants in juvenile gray whales (Eschrichtius robustus) from a 
subsistence harvest in Arctic feeding grounds. Chemosphere 6:555-564. 
 
Tomilin A G (1967) Mammals of the USSR and adjacent countries. Israel Program for Scientific  
Translation, Jerusalem, Isreal 
 
Tornero V, Hanke G (2016) Chemical contaminants entering the marine environment from sea- 
based sources: A review with a focus on European seas. Mar Poll Bull 112:17-38. 
https://doi.org/10.1016/j.marpolbul.2016.06.091 
 
Vos J G, Bossart G D, Fournier M, O’Shea T J (eds) Toxicology of marine mammals.  
CRC Press, London, England 
 
Watkins W A, Schevill W E (1976) Right whale feeding and baleen rattle. J Mammal 57:58- 
66. https://doi.org/10.2307/1379512 
 
Weis J S, Weis P (1995) Effects of embryonic exposure to methylmercury on larval prey- 
capture ability in the mummichog, Fundulus heteroclitus. Environ Toxicol Chem 14:153-
156. https://doi.org/10.1002/etc.5620140117 
 
Werth A J, Harriss R W, Rosari M V, George J C, Sformo T L (2016) Hydration affects the 
physical and mechanical properties of baleen tissue. R Soc Open Sci 3:160591. 
https://doi.org/10.1098/rsos.160591 
 
Werth A J (2013) Flow-dependent porosity and other biomechanical properties of mysticete 
baleen. J Exp Biol 216:1152-1159. https://doi.org/10.1242/jeb.078931 
 
 
 60 
 
 
Werth A J (2004) Models of hydrodynamic flow in the bowhead whale filter feeding apparatus. 
J Exp Biol 207:3569-3580. https://doi.org/10.1242/jeb.01202 
 
Werth A J (2001) How do mysticetes remove prey trapped in baleen? Bull Mus Comp Zool 
156:189-203. 
 
Woshner V M, O’Hara T M, Bratton G R, Suydam R S, Beasley V R (2001) Concentrations  
and interactions of selected essential and non-essential elements in bowhead and beluga 
whales of Arctic Alaska. J Wildl Dis 37: 693-710. https://doi.org/10.7589/0090-3558-
37.4.693 
 
Würsig B, Koski W R, Thomas T A, Richardson W J (2002) Activities and behavior of bowhead 
whales in the eastern Alaskan Beaufort Sea during late summer and autumn. In: 
Richardson W J, Thomson D H (eds) Bowhead whale feeding in the eastern Alaskan 
Beaufort Sea: Update of scientific and traditional information. OCS Study MMS 2002-
012; LGL Report TA2196-7. LGL Ltd., King City, Ontario. U.S. Minerals Management 
Service, Anchorage, AK, and Herndon, VA  
 
Yamamoto Y, Honda K, Hidaka H, Tatsukawa R (1987) Tissue distribution of heavy metals in  
Weddell seals (Leptonychotes weddellii). Mar Pollut Bull 18:164-169. 
https://doi.org/10.1016/0025-326X(87)90240-2 
 
Zillioux E J, Porcella D B, Benoit J M (1993) Mercury cycling and effects in freshwater 
wetland ecosystems. Environ Toxicol Chem 12:2245-2264. 
https://doi.org/10.1002/etc.5620121208 
 
 
